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INTRODUCTION: PROBLEMS CONNECTED WITH MAJOR 
GEOLOGIC FEATURES 

During the last quarter century, the Atlantic Ocean, more than any 
other region on earth, has given direction to new and fruitful lines of 
thought in geology. While it was destined by location to play this role 
among oceans, the impetus that started the new lines of investigation came 
toa large extent from the bold reasoning of Alfred Wegener, who chal- 
lenged most of the concepts on which attempts to understand the dynamics 
of crustal deformation had so far been based. 

Thus a critical evaluation of Wegener’s ideas made it imperative that 
more accurate information on the topographic configuration of the sea 
floor be secured. The menace of the U-boat in the World War led to the 
development of sonic sounding methods simultaneously in the United 
States, in England, and in Germany. The new tool applied to the 
humerous shipping lanes soon made the floor of the North Atlantic the 
best-known submarine topography.’ It consists of a double series of 
imegular basins separated by swells. Results of the MErEor expedition 
have shown that the same pattern dominates the floor of the South 


'For a map showing how very little is known even of the North Atlantic, see Vaughan (1937, Pl. 19: 
Index chart of unsounded areas). 
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Atlantic in a better-defined manner than had been known before. The 
nature of these basins and swells represents a first great problem. 

The parallelism that exists between the opposite shores of the Atlantic 
and the remarkable central line of swells, the Mid-Atlantic ridge, con. 
stitutes a closely related problem. Since it is most tangibly developed 
in the South Atlantic and requires for its discussion a comparative study 
of other ocean basins, it will not be touched upon in this paper. 

Wegener’s reasoning led to a search for evidences that measurable hori- 
zontal displacements among land masses are now taking place. The 
development of international radio time signals has given much more 
accurate control of longitudinal positions of the great astronomical ob- 
servatories on opposite sides of the Atlantic. It shows that no measurable 
permanent changes have taken place there since reliable records have 
become available. But on the east coast of Greenland, on Sabine Island, 
within 15 degrees of the North Pole, what seemed to be a considerable 
change in longitude was observed between 1823 (Sabine) and 1870 
(Borgen and Copeland), confirmed to a certain extent by observations 
farther north (Koch) in 1907; to this fact Wegener attached great im- 
portance (Alfred Wegener, 1924, p. 114-115; see also Salomon-Calvi, 
1931). In 1932 the Norwegian astronomer Jelstrup repeated the obser- 
vations on Sabine Island on the identical pier occupied by Borgen and 
Copeland and found a change in longitude since 1870 that cannot be 
less than 250 meters and may be as high as 600 meters (Stetson, 1939). 

It seems rather difficult now to escape the conclusion that this point 
has been displaced westward several hundred meters, perhaps even as 
much as one kilometer in 100 years. When two longitude determinations 
on the west coast of Greenland, at Kornok near Godthaab, after so 
short an interval as 5 years (Jensen, 1922; Gabel-Jérgenson, 1927) showed 
a difference of 0.9 sec. + 0.1 sec., in a westerly sense of displacement, 
Wegener and his followers jumped to the conclusion that a “westerly 
drift of Greenland” had been definitely proven (Alfred Wegener, 1929; 
Kurt Wegener, 1939). But in 1936 the determination of longitude was 
repeated at Kornok by the same first-class methods that had been used 
9 years earlier. When thus for the first time two determinations made 
with precise methods that practically eliminate all personal factors were 
compared no significant difference was found. For Kvrnok “it is 
most likely that the deviations of the old observations from the new 
ones are the result of observation errors.” (N¢grlund, 1937.) That de- 
stroys the evidence for a “drift” of Greenland as a whole but leaves the 
question of local horizontal displacements open. The nature of such hori- 
zontal movements, if real, constitutes a third major problem. 
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Wegener’s whole thinking rested on the assumption that the conti- 
nents are essentially light acid masses immersed and floating in a heavy 
independent shell of basic composition, by their very nature incapable 
of large vertical movements over considerable areas. He considered the 
outer edges of the continental shelves as the margins of the continental 
blocks. Thus attention was focused again on a fourth great problem, 
the nature of the continental shelves. The experience of seismic explora- 
tion crews in the employ of American oil companies, working in shallow 
water on the Gulf Coast, pointed the way to new knowledge. Inspired 
by a symposium of the Geophysical Union and realized through the far- 
seeing policy of The Geological Society of America, new methods of 
investigation are being created under the leadership of Dr. Ewing, which 
have already yielded significant results on opposite shores of the North 
Atlantic. 

Finally a new problem has arisen within the last decade in the unex- 
pected, extraordinary dissection of the edge of the continental shelf and 
the slopes beyond it, made known through the truly remarkable methods 
of location-control developed by our Coast and Geodetic Survey which 
has set a new standard in the mapping of submarine topography (Veatch, 
1937; Rudé, 1938; Sewell, 1938; Smith, 1938; Defant, 1939a). 

As the introduction of optical methods revolutionized petrography, so 
the application of other, largely new, physical methods to the study of 
subsurface structure and submarine topography is changing rapidly 
and profoundly our grasp of the problems of earth structure and its de- 
velopment. Limiting the discussion to the North Atlantic, the writer 
proposes to look at the new knowledge concerning the basin-swell pat- 
tern of the ocean floor, the nature of the continental shelf, the dissection 
of its edge and the slopes beyond it, and, briefly, the alleged changes in 
longitude in Greenland, in an attempt to show how these heterogeneous 
features may be related. 


MAJOR CRUSTAL CHANGES AT THE END OF THE PALEOZOIC 
AND THE BEGINNINGS OF THE CONTINENTAL SHELF 


Ewing’s pioneer observations of 1935 across the continental shelf ESE. 
of Cape Henry (Ewing, Crary, and Rutherford, 1937; Miller, 1937) and 
those of Bullard across the British shelf WSW. from the Lizard (Bul- 
lard, 1938) have shown conclusively that on both sides of the North 
Atlantic, beneath a seaward-thickening wedge of sediments, an old land 
surface descends to oceanic depths. Eighty miles WSW. of the Lizard, 
Bullard located the old land surface beneath 1000 feet of unconsolidated 
sediments and beneath more than 4000 feet at a distance of 170 miles. On 
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the American side, at a distance of about 150 miles from its outcrop on 
the inner side of the Coastal Plain, the old surface lies about 12,000 feet 
beneath sea level, just inside the 100-fathom line of the sea floor. The 
difference between the thicknesses at equal distances from shore on the 
two sides of the ocean is due directly to a difference in the ages of the 
shore lines, as the absence of Cretaceous and Tertiary sediments from the 
coasts of Cornwall shows. 

At different times, then, marginal parts of the two continents adjoin- 
ing the present ocean reversed their old tendency to rise and began to 
sink. If this had occurred within the continental area instead of on its 
border, we would take such behavior for granted. In the Grand Canyon 
region, an intensely folded and metamorphosed region was peneplaned 
and then deformed into troughs in which over 12,000 feet of a second 
series of sediments accumulated. After intense faulting, peneplanation 
took place again, the faulted sediments of the second series being pre- 
served in wedges beneath the second erosion surface. Renewed sinking 
buried the last peneplain beneath well over 12,000 feet of a third series 
of sediments. Every freshman learns that much. But this sequence of 
events is exactly the same as that which led to the present surface of the 
North American shelf. Merely change the dates and you have the 
first erosion surface on the folded and metamorphosed rocks of the Pied- 
mont, the wedges of Triassic sediments preserved by faulting beneath 
the second erosion surface, and the later sediments accumulating until 
the relatively recent uplift and dissection began. 

It is not what happened but where it happened that makes the dif- 
ference. The results of Ewing and Bullard compel us to recognize that 
the physical behavior of the crust is essentially the same on the borders 
of the deep sea as within the continental masses. 

But have we reason to think that the physical behavior of the sub- 
oceanic surface as a whole is essentially different anywhere from that 
of the continents? (Please note that this question does not refer to 
geologic history or to lithologic character, but solely to physical behavior.) 
The map of the North Atlantic shows that the rises which separate the 
individual basins consist of lines of swells comparable to a certain extent 
to that which in Eastern North America runs from southwestern Ontario 
through the Cincinnati and Nashville domes, separating the Appalachian 
from the East-central sedimentary basin. The whole pattern of the 
ocean floor seems, in fact, comparable to that of the basins and swells 
of the continental areas outside the great orogenic belts, although the 
seale is larger both horizontally and vertically on the oceanic surfaces. 
It seems that the same. process that divides the continental platforms and 
probably also the ancient coigns (Cloos, 1937) into basins and swells 


; q 


BEGINNINGS OF CONTINENTAL SHELF 493 


produces similar changes on the ocean floor (Bucher, 1933; Wiist, 1939a). 
The alignment of basins and swells suggests 


“the sort of pattern that may result from the struggle for space in a not too hetero- 
geneous crust as it adapts itself to a diminishing surface” (Bucher, 1939, p. 424). 


The profiles constructed from echo-soundings obtained by the MEreor in 
the South Atlantic show also conclusively that in detail the surface of 
the basin floors does not maintain a uniform elevation for any distance 
and is not smooth as Wegener (Alfred Wegener, 1927) thought it to be. 
Like that of the continental margins, the behavior of the ocean floor 
is contrary to the expectations of Wegener. 

It is, then, not surprising that there is evidence that the major phases 
of this deformation within oceanic areas coincide in time with major 
phases of deformation on land. 

On the Atlantic coast of the United States, the first fundamental 
changes with which we are here concerned occurred after the last phase 
of Appalachian orogeny had died and before Upper Triassic time. This 
is not evident from the textbooks and needs justification. During most 
of the Paleozoic, much of the clastic sediments that filled the Appalachian 
geosyncline came from Appalachia. Their volume is so great that geolo- 
gists have long felt, as Gilbert put it in 1893, “serious doubt whether 
the existing belts of coastal plain and submerged continental shelf afford 
sufficient space” from which to derive them (Gilbert, 1893). Quanti- 
tative estimates lead to the conclusion to which Barrell came a quarter 
of a century ago (1914), that “there is no relation between the Atlantic 
boundaries of Appalachia and the present coastal shelf” and that at least 
“the eastern slopes of Appalachia . . . existed where now is deep ocean.” 
We may assume, then, that for most of a geologic era streams flowed 
westward across the region now occupied by the continental slope and 
shelf and the land westward to the geosyncline. There is nothing in 
the sediments of the later Paleozoic, even those of the Early Permian, 
that indicates a radical change in spite of the late Paleozoic orogenic 
movements. But when a sedimentary record appears again after the 
eventful times of the later Permian and earlier Triassic, the picture 
appears radically changed. Vast quantities of sediments were deposited 
east of the orogenic axis in the fault troughs of the Upper Triassic. 
While along active fault scarps much coarse material was received lo- 
cally, especially in Pennsylvania, New Jersey, and Connecticut, the 
absence of saline deposits and a broad, regional parallelism in the char- 
acter of the sediments show conclusively that the drainage was not one 
of desert basins without an outlet, but one of drainage systems open 
to a sea that lay east or south of the basins. The discovery of a true 
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elasmobranch (Carinacanthus jepseni) and a coelacanth fish in the Locka- 
tong formation of Pennsylvania (Bryant, 1934) and of limuloid tracks 
in the Stockton group of New Jersey (Caster, 1939) suggests even that 
the sea was not far away. 

We see now in their true light the changes that ushered in a new era, 
The region that so long had formed a watershed became deep sea, and 
over a distance of several hundred miles a new eastward drainage came 
into existence, heading perhaps as far west as the outermost edges of 
the thrust sheets of the Appalachians (Meyerhoff and Olmsted, 1936; 
1938). All this was at a time when, ushered in by several earlier orogenic 
epochs, the crustal relief was increased vigorously and fundamental shifts 
occurred in the epeiric seas on the whole earth. 


MAJOR CRUSTAL CHANGES AT THE END OF THE CENOZOIC 
AND THE GROWTH OF THE MID-ATLANTIC RIDGE 


The late Tertiary and Pleistocene great increase in crustal relief, to 
which the face of the earth owes its present conspicuous dissection, bears 
the same relation to the preceding orogenic epochs of late Cretaceous 
and Tertiary time that the late Permian and early Triassic world-wide 
rejuvenation bears to the late Paleozoic orogenic epochs. Correspond- 
ingly, this is the time when large areas west of the British Isles and of 
northern Africa became parts of the adjoining basins of the North Atlantic. 
It is above all, however, the time of conspicuous structural and volcanic 
developments along the Mid-Atlantic ridge. Wherever any evidence is 
available at all along this huge submarine welt it shows conclusively that 
great movements occurred very recently. In fact, it appears probable 
that the Mid-Atlantic ridge owes as much of its high relief to diastrophic 
and voleanic movements in Pliocene and Pleistocene time as does the 
Cordilleran system of the west. The youth of all structures along the 
Mid-Atlantic ridge is so important that we must dwell briefly on the 
nature of the evidence. 

In Iceland a large element of the Mid-Atlantic ridge lies above sea 
level. The youth of the island is shown abundantly by the wide dis- 
tribution of marine beds of later Tertiary and Pleistocene age. Faulting 
is widespread, and individual fault blocks have been tilted. There is no 
sign of folding and thrusting on the island. Iceland lies at one of those 
points where the axis of the Mid-Atlantic ridge changes its trend abruptly, 
from the northeasterly trend that is characteristic of the North Atlantic 
to the more northerly direction of its northernmost part. The change 
can be observed in the trend of the dominant fault lines on the island. 
The faults and grabens represent the most recent structures of the island 
and seem to be directly connected with the upwarping of the whole region. 
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Here tectonic deformation and volcanic eruptions took place on a large 
scale in the most recent geologic past and are still going on though with 
diminished intensity. The great fissure eruption of 1783 (on the Laki 
fissure), the largest on record for historical time (Pjeturss, 1910, p. 15), 
is only a small feature compared to the large shield volcanoes and lava 
sheets that were built up in latest Pleistocene and in part since the 
retreat of the last continental ice sheet (Sonder, 1939, p. 44-46). 

Farther south, in the Azores, the highest parts of another portion of 
the Mid-Atlantic ridge rise above the water. This. year a new map 
of the submarine topography of this region has appeared based on 
the expedition of the ALTarir (Wiist, 1939b). The map shows the islands 
crowning a broadly oblong spur that rises plateaulike from oceanic depths 
below —3500 meters to above —2000 meters. Between the islands lie 
long, narrow furrows resembling fault troughs that reach depths down 
to —3500 meters and submarine ridges which at points reach up to —400 
and even —200 meters, all trending essentially E-—W. and diverging 
outward toward the eastern end of the plateau (Gagel, 1910; Cloos, 
1939a and b). With so much less of the structure accessible to view 
than on Iceland, it is not surprising that sediments are scarce. Locally 
Miocene sediments have been carried as much as 80 and possibly 150 
meters above sea level, with a certain amount of tilting. But, as on 
Iceland, the displacements are due to faulting and not to folding. As 
on Iceland, the rocks are largely olivine-bearing basalts associated char- 
acteristically with local acid products of differentiation which are foreign 
to lavas associated with normal orogenic structures. Cloos has given a 
convincing structural analysis of this topographic pattern in his newest 
brilliant paper on Hebung-Spaltung-Vulkanismus. He interprets the 
whole as the result of an arching-up of the sea floor, possibly above a 
laccolithie intrusion. The lines of intensive volcanic activity indicate 
lines of fracturing which in an upwarp of this shape may be expected 
to parallel the main axis. The similarity between the actual condition 
and the pattern of fractures developed in one of Cloos’ model experi- 
ments is quite convincing (Cloos, 1939a and b). 

Most of the voleanic features shown on the islands themselves are ob- 
viously very recent, bearing out the testimony of Iceland. 

For a last witness we turn to the southernmost limit of the North 
Atlantic, the group of diminutive islands of St. Paul. Consisting of an 
intensely fissured and sheared peridotitic rock it rises with steep cliffs 
to a maximum height of 25 meters above the surface of the sea, the 
whole group having a maximum length of about .3 of a nautical mile 
(Washington, 1930). In view of its exposed position in the open ocean, 
its very existence above water is evidence of its youth. 
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All the exposed parts of the Atlantic ridge point thus consistently to 
very strong upward movements, all more or less directly connected 
with or accompanied by very intense volcanic activity in the nearest 
geologic past, chiefly the Pliocene and Pleistocene. That the move. 
ments are still actively going on is evident from the remarkable way in 
which the epicenters of earthquakes line up along the active Mid-Atlantic 
ridge, sharply delineating it along its whole length from the southem 
end to Iceland and beyond (Tams, 1927; Heck, 1938). 


SUBMARINE VALLEYS OF THE CONTINENTAL SLOPE 


Facing this recently and still actively growing welt of the Mid-Atlantic 
ridge across the wide expanses of the deep basins on either side lie 
the slopes that lead down to the depths from the upper edge of the conti- 
nental shelves. These slopes, we know now, are dissected by closely 
spaced valleys. 

That widely spaced submarine valleys exist on the continental shelf, 
some of them in continuation of master streams of the land surface, has 
long been known. But the universal dissection of the continental slope, 
which is as striking north of the Aleutian Islands (Smith, 1937) as on 
the Atlantic Coast of North America, came as a surprise to geologists. 
There was at first a tendency to see no escape from the conclusion that 
because the valleys seemed to resemble stream-eroded valleys they must 
have been cut above sea level. As knowledge grew, it became evident 
that the cause must be sought within the ocean itself. 

The publication of the series of data sheets (Veatch and Smith, 1939) 
of submarine elevations on the continental slope of Eastern North Amer- 
ica by the United States Coast and Geodetic Survey has given us a 
new basis for reasoning concerning the origin of the topography repre- 
sented. 

The two types of valleys, already referred to, must be discussed sep- 
arately: 

(1) The few long “shelf valleys” which (in each case) are obviously 
continuations of terrestrial streams and must, therefore, in some way be 
tied to these in their origin. 

(2) The very great number of closely spaced “slope valleys” of which 
only the headwaters of the larger ones extend relatively short distances 
back from the upper edge of the continental slope. 

We shall limit this discussion to the latter. 

The data sheets show that, in spite of numerous lines of echo sound- 
ings, in by far the most cases too few figures are available to charac- 
terize both profiles and cross sections of the valleys adequately so that 
reliable conclusions can be drawn from them concerning their nature. 
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But the data seem to be sufficient to show that the continental slope is 
very largely covered by valleys and tributaries. In terrestrial morphol- 
ogy this is called “mature dissection”’. 

Since nothing certain can be said about diagnostic details of form of 
the valleys, this mature character of the dissection of the continental 
slope is the only clue we have concerning the origin of this topography. It 
carries, however, several important implications. 

The first of these is that it must be the product of erosion. This is 
the more remarkable, since it is established on what is obviously a vast 
constructional terrace, built upward and outward since at least Lower 
Cretaceous and probably the whole of Jurassic time. This erosional 
character is proven independently by the results of dredgings. Stetson, 
for instance, secured from different parts of such valleys on Georges 
Bank sediments of Upper Cretaceous and of late Tertiary age. They 
consisted of fairly consolidated pieces that were obviously torn from 
projecting ledges (Stetson, Stephenson, Bassler, and Cushman, 1936). 

Such observations, coupled with the mature character, seem to indicate 
that the topography is not only one of erosion but of active erosion. 
‘Dead landscapes” that have been inherited from a set of circumstances 
no longer existing would betray in many ways that they have ceased to 
live. Left to themselves beneath the waters of the ocean, they would 
clog with landslide masses; above all they would be shrouded by the 
sediment that is being delivered incessantly into deeper water from 
the wave-swept surface of the shelf. 

This thought has been basic in Daly’s reasoning (Daly, 1936). The 
topographic forms are as fresh as if they had been formed but recently. 
His hypothesis, which ascribes the submarine erosion topography to 
the descent of the mud-laden waters from the shores of the lowered 
ocean of glacial epochs, lets them be formed but “yesterday,” geologically 
speaking. That may be near enough to the present to cause the forms 
to look as fresh as they do. And modern sediment does lie in the 
valleys, and perhaps we underestimate its volume. Kuenen (1937) has 
made experiments that led him to accept Daly’s hypothesis. Others 
have followed. Yet the more facts become available the less they seem 
adequately covered by the hypothesis. The slope valleys extend un- 
changed to great depths (over 10,000 feet) without showing signs of 
weakening effect, such as seems inevitable if descending mud-laden 
currents produced them. Far away from larger sources of sediment, 
as, é.g., in the vicinity of Bogoslof Island in the Bering Sea, the sub- 
marine topography is developed magnificently (Smith, 1937). The island 
lies about 40 miles from the nearest of the Aleutian Islands which on the 
side toward Bogoslof Island practically lack a continental shelf, and 
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about 80 miles from the nearest point of the shelf of the Bering Seq 
which here is about 300 miles wide. 

Somehow this sort of development of slope valleys does not seem to 
point to mud-laden storm waters descending from the vicinity of land 
into the depths as the sole or even the main agent of erosion. Nor does 
it suggest slumping caused by submarine springs as an adequate agent, 
as Johnson has argued recently (Johnson, 1938-1939). The suspicion 
remains that while both agencies—descending mud-laden waters and 
submarine springs preparing the way for gravity to act—are undoubtedly 
important supporting agents, the main cause has not been recognized 
as yet. 

Beginning with the assumption, common to both Daly and John- 
son, the writer reasons as follows: 

(1) The mature topography of the continental slopes is so fresh that 
it is either actively forming now or has been fashioned but “yesterday”, 

(2) Being a surface pattern produced by erosion on a slope formed 
by deposition, it must owe its origin to a set of circumstances that either 
appeared anew or at least only after a sufficiently long absence to allow 
substantial progress of the sedimentation that produced the continental 
shelf. 

(3) Since the submarine slope topography extends to depths far 
greater than can be accounted for by removal of the water or vertical 
uplift of the shelf, the force or forces that caused the pattern must lie 
in the water of the ocean itself—i.e., in “currents”. 

(4) Since the ocean is a “standing” body of water, the only “currents” 
capable of producing effects on the deeply submerged continental slope 
are those which originate on the bottom through wave motion. 

(5) Only such waves can have an effect on the sea bottom which have 
wave lengths much greater than the depths at which effects are expected. 

(6) Two types of such waves are known to oceanographers. Both are 
observed on the shore, the one as the tide, the other as seismic sea waves 
or tsunamis. 

TIDES AS “LONG WAVES” 


The geologist is not in the habit of thinking of tides and tsunamis as 
the visible expressions of wave motions. Before we can judge the effec- 
tiveness of these motions of the oceanic waters as agents of transportation 
and erosion, we must digress sufficiently to make clear their nature. 

The dynamic tidal theory, which in its brilliant beginnings goes back 
a century and a half to Laplace (Kriimmel, 1911, p. 230) recognizes the 
tidal phenomena as wave motions that result from the superposition of 
a number of categories of waves impressed on the oceans by the com- 
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bined action of the gravitative attractions of moon and sun and the 
rotation of the earth. The behavior of the water at any given point in 
the ocean is the result of the superposition of the different primary 
(“forced”) and the subsequent secondary (“free”) waves. The one 
feature of this complex tidal wave motion that is of interest to us in the 
present discussion is its fundamental character. All categories of waves, 
which, when combined, constitute the tides, have wave lengths very much 
larger than the depth of the oceans. The length of the wave produced by 
the lunar tide, for instance, ranges from over 8800 km. to over 12,500 km. 
for water ranging from 4000 to 8000 meters in depth.? 

They are waves, then, whose length is up to 2000 times the depth 
of the water in which they move. We must think of them as compar- 
able to waves 160 feet long in water one inch deep. It means that 
throughout the whole depth of even the deep oceans the water particles 
follow a path that has the shape of an enormously flattened ellipse in 
which the vertical displacement is almost negligible compared to the 
horizontal displacement. The motion of the water appears therefore 
as an oscillating movement or “alternating current” that is operative 
at all depths of the ocean, varying, of course, in velocity and direction 
due to the great complexities of the actual wave motion which result 
from the interference of the different categories of waves and the mani- 
fold influences of the shape of the ocean basins. 

How little this obvious consequence of dynamic tidal theory has so far 
influenced oceanographers and geologists alike may be seen from the sur- 
prise caused by the growing evidence of the so-called “current action” 
at oceanic depths. 

During the cruise of the Meteor, Pratje (1926-1927) and Correns 
(1927) recognized that even in the fine-grained sediments at oceanic 
depths a definite relation exists between the elevation of the ocean 
floor and the grain size of the sediments. Evidence of actual erosion was 
found on higher portions of the sea floor, as for instance a fragment of 
basalt with an attached young coral that was secured from a depth of 
2000 meters. 

Trask (1931) showed that in the fine-grained sediments on the ocean 
floor opposite southern California the percentage of the coarser constitu- 
ents increases with decrease in depth of the water. In shallow waters, 
where currents are constantly at work separating sediments of various 
sizes, such a condition seems obvious. But Trask’s samples came from 


In “long waves” the speed of propagation of the wave, c, depends essentially only on the depth 
of the water: ¢ = V gh, where h is the depth of water and g the constant of gravitation. By definition, 
the wave length 1=¢.c, where ¢ is the period. From the lunar period (12.42 hours) and the depth 
of water the wave length can be computed directly. 
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divides and slopes that lie far below the depth reached by ordinary 
waves, ranging from 600 down to below 2100 feet below sea level. The 
conclusion seemed inevitable that even in closed deep-sea basins cur. 
rents must be at work. In 1938, Fleming and Revelle actually measured 
a current of 20 cm/sec at a depth of 6235 feet (1900 meters) in the Santa 
Cruz basin, with a divide not lower than 3280 feet (1000 meters) * 

The implicit conviction that currents capable of transporting sedi- 
mentary materials cannot exist in the oceans in deep water has char- 
acterized all thinking concerning the submarine valleys of the Atlantic 
coast until recently. When in 1936 Dr. W. W. Rubey told members of 
the Committee on ocean basins of the American Geophysical Union that 
the Mississippi River Commission has employed successfully a tripod- 
like device to secure current measurements close to the bottom of 
the river, no one hesitated to urge the adaptation of this method to 
submarine valleys, but more to silence the skeptics rather than in the 
expectation of actually finding any currents. In the same year, Stetson 
devised a suitable apparatus and promptly found in submarine valleys 
of Georges Bank currents up to a velocity of 11.08 em/see (=0.216 knot) 
at depths of 210 to 260 fathoms (H. C. Stetson, 1937a). (A slightly 
larger figure (0.27 knot) is given by H. C. Stetson (1937b).) 

Stetson recognized the tidal nature of the currents he had measured. 
But he emphasized that, while they are strong enough to sweep out 
any unconsolidated sediment, they are too weak to account for the 
erosion of the submarine valleys, as T. C. Chamberlin had suggested, 
for instance (Chamberlin and Salisbury, 1906). 


SEISMIC SEA WAVES OR TSUNAMIS AS “LONG WAVES” 


The question at once arises as to whether other movements of the 
oceanic waters exist that might prove stronger. The tsunamis are the 
only other movements known to the writer. Like the tides, they are 
mentioned in most elementary treatises on geology, and, like them, their 
true nature is largely misrepresented. 

The impression is created that in the open ocean they are negligible 
phenomena which only upon passage into the very shallow water near 
shore become magnified to the dimensions that make them not only note- 
worthy but terrifying. This impression needs correction. 

Tsunamis arise through a displacement of water on the sea floor 
caused either by submarine landsliding, especially that caused by earth- 
quakes, or by voleanic eruptions, and, perhaps more rarely, by sudden 


8 Statement made orally in-address before the 7th General Assembly of the International Union of 
Geodesy and Geophysics in September 1939. See also Shepard, Revelle, and Dietz, 1939; Revelle and 
Shepard, 1939. 
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faulting. (See excellent summary in Kriimmel (1911, p. 132-157); also 
Gutenberg (1939).) 

To gain a concrete picture of seismic sea waves we turn to the destruc- 
tive tsunamis that wrought havoc in the Pacific coast of northeastern Ja- 
pan on March 3, 1933, which have been described exhaustively and ana- 
lyzed from many angles in the large supplementary Volume 1 of the 
Bulletin of the Earthquake Research Institute at the University of Tokyo. 
These tsunamis were caused by an earthquake at a point roughly 300 
miles northeast of Tokyo and a similar distance southeast of Hakodate, 
in longitude 144° E. and latitude 38°2 N.4 

The train of waves created by this earthquake reached the nearest 
Japanese shore after half an hour, Yokohama after 2 hours, Honolulu 
after 7 hours and 32 minutes, San Francisco after 10 hours and 22 
minutes, and Iquique, Chile, after 22 hours. The waves had a wave- 
length between 300 and 500 kilometers.° 

Here then, as in the wave motion of the tides, we are dealing with 
waves that are very long compared to the depth of the oceans. We must 
adjust our vision to the scale involved. The tsunamic waves travel 
across the vast expanse of the ocean after the manner of waves 5 feet 
long in water one inch deep! They spread across the ocean with such 
speed that they struck Iquique, on the Chilean coast, over 10,000 kilo- 
meters away, after 22 hours. More than that: The concave shore of the 
Americas, from California to Chile, seems to have acted as a reflector so 
that 47 hours after the earthquake the tidal gauge at Sydney, Australia, 
which lies in the focus of this gigantic reflector, recorded the wave 
motion.® 

Here, as in all waves in very shallow water, the paths of the water 
particles are very flat ellipses, the motion being largely back and forth 


‘This is the position as corrected by the Earthquake Research Institute (Yamaguti, 1934). ‘The 
Central Meteorological Observatory gave the position about 100 km. farther north, in long. 144°6, 
lat. 39-2 N. 

5 Taking the distance from the epicenter to Honolulu from a none too good globe as approximately 
5730 km., and dividing this distance by the travel time, 7 hours and 32 minutes, or 27,120 seconds, we 
get the apparent velocity of propagation of the wave-train as 212 m/sec. The period of this first 
wave to arrive at Honolulu we take from Myabe’s (1934, p. 116) table. It was 26 minutes (or 1560 
seconds). By multiplying the velocity of propagation with the period we find the wave length as 330 
kilometers. An inspection of the mareogram for Honolulu, which is reproduced on Pl. X of part II 
of Myabe’s paper, shows evidence of superposition of different waves, so that the period of 26 minutes 
may be too large. If we carry the same computation through for San Francisco, we find almost the 
same speed of propagation (204 m/sec.) but a shorter period, 17 minutes (1020 seconds). This gives 
the smaller wave length of 208 km. Since in “long waves’”’—i.e., waves with lengths much greater than 
the depth of water—the group velocity is essentially the same as the velocity of the individual wave 
(Krimmel, 1911, p. 97), these figures may be assumed to represent the typical wave length of waves 
that traveled far from the origin. Assuming the approximate period of the initial oscillations to have 
been 30 minutes, and a velocity of propagation of 245 m/sec. corresponding to a depth of 6000 meters 
at “0 epicenter, Myabe (1934) arrives at a wave length of 441 kilometers near the origin of the dis- 
turbance. 

*This spectacular consequence of Sydney’s location was first noted by G. E. P. Hart in the case of 
the Chilean earthquake of 1922 and the Wellington earthquakes of 1929 and 1931 (Hart 1931). 
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horizontally, so that ships are generaily unable to detect it. The velocity 
of propagation, and with it the wave length, depends almost entirely o 
the depth of the water.’ 

As the waves pass from deeper into shallower water, their wave lengths 
and with them the velocities of propagation decrease, while their heights 
and orbital velocities increase. Since the orbit of the particles is every. 
where, and especially near the bottom, practically a back and forth move. 
ment, the orbital velocity represents the strength of the alternating cur. 
rent that flows over the sea floor. 

For an estimate of the current velocities involved we depend so far 
solely on the observations along the coast line. Contrary to first im- 
pressions, these do not give a true picture of the energies involved. To 


waves that come from water 5000 to 6000 meters deep, the shelf with 


its greatest depth of 200 meters is a destructive obstacle. When the wave 
passes over it, much of its energy is destroyed. This is shown con- 
vinecingly in the diagrams of Yamaguti who plotted the height to which 
the tsunami of 1933 rose on open coasts against the distance of the 
coast from the 50-meter depth line. Irrespective of local disturbing in- 
fluences, the points within 1 or 2 kilometers of the 50-meter line had the 
highest waves—averaging over 10 meters—while at points that were 
separated by a shelf 15 to 20 kilometers wide from water 50 meter 
deep the water rose barely 2 meters (Yamaguti, 1934). 

This explains the extraordinary destructiveness of the tsunami along 
the northeast coast of Japan, where there is no wide shelf. It also ex- 
plains why tsunamis are rare on our Atlantic coast and why those that 
do occur are not more destructive. The tsunami that swept the southem 
shores of Nova Scotia and Newfoundland after the earthquake of No- 
vember 18, 1929, caused “a money loss reckoned by millions of dollars” 
and “the loss of more than a score of lives” (Keith, 1930). Serious as 
this loss was, it is small for an earthquake that was “at least four times 
as severe as that which caused from six to ten million dollars damage 
at Santa Barbara in 1925” (Hodgson and Doxsee, 1930, p. 79) and that 
occurred only about 410 miles east of Halifax at a depth between 1500 
and 2000 fathoms. The reason for this discrepancy is the shelf, 150 to 
200 miles wide, between the epicenter and the shores. Without this 
mighty protective wall the loss of life and property would no doubt have 
been appalling. 

We conclude, then, that the tsunamic wave that is observed on coasts 
bordered by broad shelves is but a more or less spent remnant of the 

7 This fact enabled A. D. Bache, the director of the U. S. Coast and Geodetie Survey, in 1856, at a time 


when no actual measurements of oceanic depths had ever been made, to arrive at a reasonable estimate 
of the average depth of the: North Pacific from the records of a Japanese earthquake at San Francisco 
and San Diego. (Quoted from Kriimmel (1911, p. 152).) 
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vigorous wave that swept the continental slope, not counting, of course, 
the local exaggerations caused by constrictions in embayments and by 
the resonance effect of the proper vibrations in largely enclosed bays. 
The equation * that hydrodynamic theory offers for the computation 
of the mean orbital velocity in waves with wave lengths very much 
greater than the depth of water gives a mean velocity of the water 
particles in a tsunamic wave of 1.4 to 1.5 m/see for depths of 400 to 500 
meters. This represents currents more than 12 times as strong as those 
measured by Stetson in valleys on Georges Bank in water of similar 
depth—currents that are certainly sufficient to cause active erosion even 
in somewhat consolidated sediments. 
* But we do not need such computations, since we know that even far 
back from the edge of the continental shelf, along the coast line, the 
tsunamis exhibit energies not merely larger but of a different order of 
magnitude from that exhibited by the leisurely tide. Since direct meas- 
urement shows that the tidal movement of the water does produce cur- 
rents capable of sweeping clean the floors of submarine valleys, it is 
evident that, even at distances of 500 or 1000 miles from an earthquake 
epicenter, the tsunamic waves must develop currents capable of active 
erosion of the sea floor. ; 


TSUNAMIS AS MAJOR AGENTS OF EROSION ON THE 
CONTINENTAL SLOPE 


The dominant action of the alternating tsunamic bottom current must 
be directed down the slope, even where the waves travel at an angle 
to the submarine slope, because the gravitative pull is added to the com- 
ponent of the downward movement of the wave motion in the direction 
down the slope, as may be seen wherever waves travel obliquely across 
a subaqueous slope. 

It does not require much imagination to picture the effect of one of 
these tsunamic subaqueous storms on the continental slope. In our 
minds we must transfer to the sea floor what is seen on the shore. There 
the water level falls and rises not after the fashion of a breaking wave, 
but steadily, with smooth surface, as water falls and rises along the 
side of a tilted glass. As the surface rises, the water flows toward the 
shore horizontally, moving whatever cannot withstand the current and 
carrying all out with it—floodwalls, houses, ships torn from anchor. In 
the extremely shallow water near shore, far from the edge of the conti- 
nental shelf, the wave motion which had lost most of its energy before it 


*y = i Vh, where b = the height of the wave = 14 the amplitude; h = the depth of water; and 


9 = the acceleration of gravity. 
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first reached the land is quickly damped to inconspicuous oscillations, 
Even here, such mareograms as that from Hatinoke, which survived the 
catastrophe of 1933, show the wave motion continuing 12 hours later 
with a wave height of 114 meters, one-fourth of the original height. [t 
is obvious that out in the deeper water, over the continental slope, the 
wave motion must die down more slowly, the effective bottom current 
lasting possibly even a day or longer. 

The upward-directed phase of the alternating current, generally more 
or less oblique to the submarine slope, is effective in loosening and 
lifting particles. In the downward phase the effect of gravity will not 
only orient the movement but will intensify the action according to the 
principle of the behavior of mud-laden waters so forcibly set forth by 
Dr. Daly in his address on submarine valleys. For hours, and perhaps 
for a whole day, the action will continue, the downward-directed phase 
being comparable to the rush of waters in an arroyo after a cloudburst. 

This makes intelligible the remarkable experiences of the transatlantic 
cable companies in connection with the Grand Banks earthquake of 
November 18, 1929, to which reference was made above. 

This earthquake wrought havoc among the numerous cables that 
cross the ocean floor south of Nova Scotia and Newfoundland. About 
half of them—12 in all—suffered breaks in consequence of it. The cir- 
cumstances of these cable breaks seemed baffling (Hodgson and Doxsee, 
1930, p. 78-81). Six cables broke one minute after the shock at points 
from 5 to 30 miles from the epicenter as determined by the Dominion 
Observatory. A seventh cable broke 14 minutes after the shock at a point 
75 miles west of the epicenter, while an eighth broke at a point only 50 
miles south of the epicenter almost an hour after the shock (59 minutes). 
Four other cables broke as follows: 


Distance of nearest Length of time 
breaking point from interval after 
epicenter: shock: 
Miles south Hours Minutes 
160 3 3 
280 9 1 
310 10 18 
355 13 17 


But this is not the whole story. Most of the cables broke at two or 
more places, and one in as many as ten places spaced at intervals of 5 
or 10 miles, according to Mr. Higgins of the Western Union Telegraph 
Company’s Ocean Cables office. The scattering of these points as plotted 
on Keith’s “map of phenomena” of the Grand Banks earthquake (Keith, 
1930), combined with the strange manner in which the breaks spread 
outward with the passage of time, is not adequately explained by the 
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assumption of submarine landslides following the earthquake. There 
seems to be no recognizable reason why earthquakes should systematically 
be delayed with increase of distance from the epicenter. 

The picture becomes intelligible when the breaks are interpreted as 
the result of erosion along the sides and bottoms of submarine valleys 
brought about by the tsunamic waves set up by the earthquake. Within 
tens of miles from the epicenter, the energy of these waves was greatest. 
In fact, they were probably created by submarine slides set off by the 
earthquake, and some of the cables were undoubtedly broken and buried 
by such slides, especially along the faults that bound the graben of Cabot 
Strait. But even where there were no slides, it took but a few minutes at 
most to scour the sides of the submarine valleys across which the cables 
were laid sufficiently to leave portions of the cables unsupported. With 
increased distance from the origin, however, more and more of the energy 
of the tsunamic waves spreading into still water was lost, and the orbital 
velocity of the water particles reduced proportionately. The resulting 
weaker “current” required more time to produce the same amount of 
erosion. Thus, in the case of the more distant cables, the time of the 
breaks bears a clear relation to their distance from the origin of the 
disturbance. At a point 355 miles south of the epicenter, no break oc- 
curred until 13 hours 17 minutes after the shock. 

Wherever sediment was removed from beneath a cable, strains were set 
up. According to Mr. Higgins, the cabies are encased in a material that 
gives them a rather high frictional coefficient. Lengths of cable measured 
by tens of miles could not move to adjust themselves over the undulating 
topography on which they rested. Thus different stretches of the same 
cable broke again and again until the remaining lengths could move and 
follow the changed surface of the valley sides. 

Granted that tsunamic wave action produces sufficient motion in the 
water to cause the erosion of valleys on the continental slope, is there 
reason to think that they occur frequently enough and in sufficient in- 
tensity? 

For the zone between 30° and 60° lat. N., Tams (1927) has listed 39 
earthquakes for the 19 years between 1908 and 1926. That amounts to 
about 200 earthquakes a century. Even if only a few per century were 
strong enough and situated favorably for erosion on a given stretch of the 
continental slope, they would be as frequent as the torrential rains in 
many a desert plateau that carve the wadies and arroyos to which the 
valleys of the continental slope are often compared; like the tsunamis 
the torrential rains do most of their work in a few hours. It is entirely 
possible that at the present rate the tsunamis of the North Atlantic are 
capable of producing the topography on the continental slope. 
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But everything points to much greater crustal activity, both tectonic 
and voleanic, in the immediate geologic past, probably simultaneous with 
the orogenic epochs at the end of the Pliocene and in Mid-Pleistocene 
time. To the writer it seems probable that the largest part of the erosion 
of the continental slope is the direct result of that epoch of intense defor- 
mation; that the valleys it has produced are, on a gigantic scale, like the 
rills that notch the edge and dissect the slope of a mudbank along the 
Mississippi River when the stern-wheelers churn up the water in mid- 
stream and send the waves lapping up against the bank. 

In this process of erosion, the tsunamis are no more the sole agents than 
are streams in the cutting of valleys on land. Whenever a stream has 
removed sufficient material along its channel, during one of the relatively 
rare spasms of intensified flow after a cloudburst or a thaw, gravity 
causes material to slump off the valley sides into the newly excavated 
space. Later, when the stream has returned to its normal leisurely cur- 
rent, the landslide materials, loosened by the processes of semiplastic 
flow, are slowly removed particle by particle. This collateral work of 
gravity is aided by many factors, especially by the escape of ground 
water in the form of springs near the foot of the valley sides which 
enhances the tendency to slump and to slide. 

In the same way, when the tempestuous flow of waters of a seismic 
wave enlarges and deepens depressions on a submarine slope, gravity 
plays a part, widening the channel by causing the materials along the 
valley sides to creep and to slide into the channel. The eddying and 
churning effect produced by the reversal of the tsunamic wave will 
greatly accelerate this process. The loose materials thrown into sus- 
pension by the eddies of the current and by the slumping under water 
will create and set into motion gravity currents of mud-heavy waters 

which add their energies to the down-slope rush of the tsunamic wave. 
Here likewise submarine springs aid in process, especially at the base of 
sandy and possibly somewhat consolidated layers which are good aquifers. 
When quiet resumes, the landslide masses, loosened by the process of 
slumping, are gradually removed by the weaker but incessant currents 
of the tide. 

The preceding discussion dealt only with the valleys on the continental 
slope. The long shelf valleys, which continue the courses of the major 
streams of the continent across the whole width of the continental shelf, 
present a different problem. Their history is unmistakably tied to the 
rivers. In their upper parts they are obviously channels cut during the 
low-water stages of the glacial epochs. The writer sees no reason why 
their lower courses, down to the edge of the shelf, should not be the exact 
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equivalents of the channels in the deeply submerged deltas of rivers in 
lakes. Daly and Johnson think that this comparison cannot hold, be- 
cause the shelf valleys lack the elevated margins, like natural levees, 
that characterize the channels in submerged deltas. But the shelf which 
faces the open ocean is not “submerged” in the same sense as the deltas 
in lakes. Its surface is subject to the incessant action ofthe waves that 
roll in from the ocean and by their action actually determine the position 
of the outer edge of the shelf. They prevent the formation of such levees, 
while the tide and other currents, especially the counter-current beneath 
the surface stream, keep the channel at least partially open. If this is 
correct one might compare the shelf valleys with the slit-band on the 
shells of such gastropods as Bellerophon or Pleurotomaria—depressed 
zones that correspond to slits in the outer edge of the aperture caused by 
the lag in the filling of the gap as the shell grows forward. 


CONCLUSION: SUGGESTED CONNECTION BETWEEN MAJOR 
GEOLOGIC FEATURES 


Looking back we arrive at a mental picture that ties together intelligibly 
several of the major geologic features of the North Atlantic Ocean. We 
see, beginning at some time during the later Triassic, the gradual sinking 
of border lands to oceanic depths, while the waste from the rejuvenated 
continents builds up step by step the submarine terrace of the continental 
shelf. Toward the end of the Tertiary, for the first time since the great 
earth movements that ended the Paleozoic, major adjustments in the 
crustal relief set in, the basins on the ocean floor sinking to new depths and 
the continents rising to new elevations above sea level. Simultaneously, 
the broad, more or less vague swells that separate the basins are squeezed 
up, above all the Mid-Atlantic ridge. Every earthquake that accompanied 
these vertical movements throughout individual basins and especially 
along the Mid-Atlantic ridge, that caused landslides or faulting or both, 
and every explosive submarine outburst of voleanic energy gave rise to 
strong tsunamic waves. It seems probable that during orogenic epochs, 
especially during the Miocene, at the end of the Pliocene, and in the 
middle of the Pleistocene, the disturbances occurred more frequently and 
perhaps also in greater intensity than those recorded in historical time. 
The writer believes that the currents set up by these seismic sea waves 
gnawed into the continental slope, covering it with a maze of valleys of 
which the larger ones are now eating back into the surface of the shelf 
itself. 

Many observations in many parts of the earth show that the state of 
compression and of increasing crustal relief still persists in the earth’s 
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crust. Deformation is accentuated in the regions from which the ice of the 
last glacial epoch has just recently vanished. It can hardly be surprising 
that the same Arctic region that shows throughout, from Scandinavia to 
Baffin’s Land and Labrador, very recent vertical movements, some 
measurable in historical times, should show also horizontal displacement 
progressing at measurable rates. If the horizontal shift in the position of 
a crustal unit along the northeast coast of Greenland is real, it will have 
to be likened to the rotational movements that take place among tightly 
held blocks in an ice jam. All that we know about the structure and 
surface pattern of the ocean floor shows that the movement cannot be 
that of an isolated block floating and drifting in a potentially fluid 
medium but rather a unit pressing against adjoining units in a solid 
crust, each struggling for a position of equilibrium as one unit yields by 
arching up or bending down. 

Any single movement of a block in an ice jam may progréss at a rapid 
rate for a short time, but it does not continue long either in direction or 
rate of movement. It is similarly probable that movements of crustal 
units along the earth’s surface are of short duration. We have certainly 
no right to conclude that, because a point on the northeastern coast of 
Greenland has moved westward one kilometer in 100 years, the whole of 
Greenland must have “drifted” 10,000 kilometers in a million years. That 
would be like concluding that, because a point in Scandinavia has risen 
1 meter from sea level in 100 years, it must have lain 10 kilometers 
below sea level a million years ago. 

Slowly the new facts that come to light concerning oceans and con- 
tinents fall into a pattern whose meaning becomes clearer as its outlines 
become more sharply defined. The chief obstacle to understanding lies 
in the necessity that forces each worker to limit most of his activities to 
the study of a few details of the vast reality of the earth’s surface. 

With wise humor the brilliant editor concludes the second Atlantic Heft 
of the Geologische Rundschau with a cartoon drawn by the facile pen of 
the Swiss geologist, C. E. Wegman. It shows the men of science, each 
peering intently into one of innumerable narrow tubes, each clinging 
desperately to his “point of view” (Wegman, 1939). A more generous 
mood might liken the narrow lines of vision of the individuals to the 
prisms in an arthropod’s eye, each of which catches only a minute frae- 
tion of the reality without, with “science” playing the role of the retina 
which records the partial images, and of the brain that integrates them 
into a comprehensive picture. While most of our life must be spent peer- 
ing through one prism, the real satisfaction comes when we make use of 
our privilege to step. back and see what is visible of the whole. Such an 
attempt was made in the preceding pages, which try to sketch the still 
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shifting outlines of the emerging pattern of a fascinating part of the great 
reality that we are studying, in which we find the ultimate justification of 
our individual labors. 
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ABSTRACT 


The accompanying tectonic map of the Sierra Nevada of California has been 
compiled from both published and unpublished sources. It represents trends 
of plates (cleavage-, bedding-, flow-, and shear-layers), in both the metamorphic and 
the granitic rocks. The exposed edges of these plates combine into lanes, such as 
the San Andreas Rift, and curves, such as the westward hook of the southern part of 
the Sierra. These forms appear in all sizes down to that of the hand specimen. 

On this map the Sierra becomes a shift zone with principal motion horizontal 
shear along the lanes, and with displacement northwestward on the Pacific side. 
Subsidiary motion starts at inequalities in strength and creates curves in which 
the inner parts are thrust upward and outward toward their convex sides. The 
resultant motion is clockwise in horizontal section. 

Heat concentrated inside the curves promotes crystallization through grades of 
metamorphism that end with granite. The granite is found in funnel-shaped units 
enlarging upward to maximum surface diameters of 12 miles. As such units become 
frozen together, the resulting pluton grows so strong that continuing motion is 
forced out into the weaker material. For example, present motion is confined to 
the San Andreas, Walker and other lanes outside the main granite body. 

The heat escaping from such structures toward or to the surface is represented 
by ore deposits, volcanoes, and hot springs. 


INTRODUCTION 


In spite of careful studies, including those recorded in the Gold Belt 
folios, the Sierra Nevada long continued to seem a hopeless complex. 
These studies failed to build up consistently; each was followed by its 
individual train of perplexities, and something was evidently missing. 
It was after 1927, when Hans Cloos demonstrated in the Yosemite the 
new technique for mapping granite trends and thereby inferring motion, 
that an effect of simplicity and completeness began to be recognized. 

Meanwhile, studies of Sierra ore bodies, though concerned with smaller 
objects, were going through a parallel history. Similar impediments to 
synthesis lay in the way; the ambition to place the ore shoot in the pat- 
tern of its surroundings was long deferred, and here again something was 
evidently missing. Increasingly, the problem became one of motion, in 
the regional sense, and the element which promised so much for the 
regional geology seemed likely to prove effective in the explanation of ore. 

In 1932, experience gained from other western districts was brought 
to bear on the exploration of Goldfield, which lies on the east edge of 
the Sierra region. The ore was found to have been concentrated there 
at critical corners of the regional pattern, and the containing structures 
were recognized as miniatures of larger ones and as paths of the same 
kinds of motion. Later, when data from mining districts were compared 
with those from the Sierra Nevada mountains, the two were found to 
overlap as though they were parts of the same subject matter. On both 
sets of maps, horizontal shift appeared as a fundamental, and details 
incidental to this shift seemed to fit. The ore was one of the essential 
rocks of which the tectonic edifice had been built, and the ore body 
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a special kind of small intrusion. For these reasons, two investiga- 
tions, one of granite and the other of ore, were joined. 

The immediate result was to reinforce the impression of coherence and 
unity, and the need to test this impression. The outcome of this, in 
turn, was the synthesis, in the accompanying map, of recognized trends 
throughout the region. 
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PERSPECTIVE OF THE SIERRA NEVADA 


It is always somewhat daring to write an interpretation of phenomena 
when that interpretation goes against firmly established concepts. And 
yet, when an unorthodox interpretation of a series of phenomena keeps 
forcing itself upon one’s attention, the phenomena attain a certain inde- 
pendent vitality; they begin to speak for themselves and create their own 
interpretation; and the reluctance must be laid aside. Something of this 
sort has happened during the past decade in the new mapping of a part 
of the Sierra Nevada and of adjacent ranges of California and Nevada. 
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Ficure 1—Topographic pattern of Sierra Nevada region 
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PERSPECTIVE OF THE SIERRA NEVADA 517 
Accordingly, a new way of looking at these mountains is suggested. This 
is the reason for the present paper. 

To gain perspective in this matter let us suppose an observer is look- 
ing down on a relief model of the Pacific cordillera. He sees a great 
mountain system streaming like plastic material from Alaska, through 
British Columbia, the United States, and onward toward South America. 

Suppose now that the model is flooded with water to 6000 feet above 
sea level. The system breaks up into archipelagos like the Japanese 
and Philippine festoons of the opposite side of the Pacific. One of its parts 
advances from the north as scattered volcanoes, including mounts 
Rainier, Adams, Hood, Shasta, and Lassen (Fig. 1). South of Lassen 
it gathers into a conspicuous island which trends southeast and then 
sweeps around in a great curve to the south, throwing off bows on the 
convex side. Then, continuing to curve, it breaks up, swings through the 
Tehachapi Mountains, and finally dwindles out as an arc of islets hooked 
clockwise into the northwest coast direction. This island, 300 miles long, 
is the granitoid core of the Sierra Nevada, and within it lies most of the 
new mapping here under discussion. 

Let us next suppose that the water is slowly withdrawn from the 
model. As the water level sinks, the island grows. To the west it 
broadens, revealing a sloping plain with inlets marking the canyons. 
Gradually appear fragments of northwest defiles shown as narrow straits 
of water. To the east where the rock surface plunges steeply downward 
at the Sierra Front, emerge longitudinal strips of land, separated by 
canals. The more the water is withdrawn, the narrower and straighter 
become these canals, and the more they resemble the defiles of the west- 
ern side. 

The Sierra island is still an individual body coming up raggedly out 
of the water from the north and sweeping to a blunt southern termina- 
tion as though it there encountered a major obstacle that bent it toward 
the coast. As the sea level of the present day is resumed, the island 
combines again into the great system of mountain ranges, which are 
now seen to be disposed in majestic ares and whorls. These, simulating 
the foam on a river, are what would be expected were the crust of the 
earth slowly and gracefully streaming. 

Thus, in topographic perspective, the Sierra region yields a pattern. 
Let us, in order to fill in and intensify that pattern, now come down 
toward the ground. 


MATERIALS VISIBLE AT THE SURFACE 


As we gain the view enjoyed by airplane passengers, we note that the 
upper parts of the Sierra exhibit, throughout their length, a bare, rocky 
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landscape. This is, in fact, one of the broadest exposures of rock known 
in the world. The tone is mottled gray; we can distinguish lighter and 
darker shades merging one into the other. We can distinguish also 
straight dark streaks as long as 50 miles, paralleling the mountain 
crests and therefore the canals and defiles mentioned above. 

When we actually stand on the ground, we find that the gray tone 
corresponds to the granitoid rocks. The variations in shade go with 
changes from gabbro and diorite, through granodiorite, to granite. The 
dark, longitudinal streaks are partitions of schist, and closer scrutiny 
of the gray rocks reveals, streaming through them, millions of relies of 
this same dark material. 

The metamorphic rocks—schist, greenstone, quartzite, and marble— 
are found also to border the gray rocks on both sides of the range. To 
the west these rocks underlie a sloping plain mantled with forests and 
soil; to the east, they appear, not in the Sierra itself, but well beyond the 
steep rock slope, in the neighboring, rugged Basin Ranges. 


TRENDS 
MAPPING 

If the crust is streaming, as was suggested in the perspective view, 
it should show stream pattern at close range. All the rocks, including 
the granitoid, do, indeed, contain a record of motion expressed in struc- 
tural plates separated by shear surfaces. These, the strikes of which are 
here generalized as the trend, will now be described. Later, the trend 
will be reviewed in terms of motion. 

The conspicuous trend features of the metamorphic rocks—bedding and 
cleavage—were mapped in the northwest quarter of the Sierra region 
more than 40 years ago. (U.S. Geol. Survey Gold Belt Folios: Lindgren, 
1894, 1896, 1900; Turner, 1894, 1895, 1897; Lindgren and Turner, 18%, 
1895; Turner and Ransome, 1897.) As a result the opinion developed 
that these two elements were generally parallel and oriented in the longi- 
tudinal direction. (Ransome, 1900, p. 2.) However, more recent map- 
ping shows this to be true only where the folds, tightly pressed, are iso- 
clinal and have fairly straight axes; it also reveals that the bedding at 
many places is buckled and cleaved on younger longitudinal shear 
surfaces. 

The record of the trends inside the granitoid core began with the visit 
of Hans Cloos in 1927 and has been extended from the Yosemite down 
the East Front of the Sierra to its southern end. The joints are the 
most prominent elements mapped, and they cut the granite in all diree- 
tions and are in part of late and shallow origin. The plates, on the 
other hand, which become evident upon further scrutiny, date from the 
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genesis of the granite and portray conditions at a more significant stage. 
They consist of alternate light and dark layers, and of all flat-sided 
objects, including both new minerals and remnants of wall rock. 

In addition to these delicate lineaments coarser ones are shown by 
trends of rock boundaries and of ridges, and by alinements of scarps, 
furrows, troughs, and notches. Taken together, they combine into a 
regional arrangement, best known in those parts of the Sierra which are 
covered by recent maps. 

These mags make two cross strips—one in the Yosemite Valley and 
the other farther south—and a single longitudinal strip, 20 miles wide, and 
extending 200 miles along the Sierra Front from Mono Lake southward. 
Elsewhere the arrangement is deduced from the records of small areas 
and from larger areas within which only the rock boundaries have been 
mapped. The available results are generalized on Plate 1 and in simpler 
form on Plate 2. 


REGIONAL ARRANGEMENT OF STRUCTURAL PLATES 


Southeast Sierra Nevada.—A few miles west of Mono Lake, as shown 
on Plate 1, there lies in the granite a dark partition of metamorphic rock 
4miles wide and about 60 miles long. This is a strong longitudinal ele- 
ment of the trend, a gigantic, steep plate. If followed southeastward 
about 12 miles beyond the lake, it is seen to thicken and hook around 
to the west. The slip surfaces here of the thickened metamorphic rocks 
remain parallel to the length of the partition, but granite contained 
within the hook has layers moulded to the curve. 

A few miles southeasterly from this hook appears another partition 
10 miles wide, split lengthwise by granite within which the plates sug- 
gest another westward hook. But the two separated septa of meta- 
morphic rocks continue south-southeast to two sharp termini, connected 
through an easterly curve of fragments to the beginning of another par- 
tition. This, in turn, between short intervals of southeast trend, hooks 
around to the west three times in 30 miles. The pattern here is made 
of echelon longitudinal pieces, with the end of one joined by a westward 
hook to the beginning of the next. For such a composite picture, how- 
ever, the metamorphic layers have to be connected by those within the 
granitoid rocks. 

As the Front is followed still farther southeast, repeated hooks are 
found from one to 10 miles in diameter, nearly all convex southward. 
In tracing out the pattern the geologist comes to the end of the longi- 
tudinal stretch and then, bearing westerly around a curve, starts again 
on a new strip of similar strike. As the Sierra Front begins to turn from 
southeast to south, this form becomes more marked, and one sharply 
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defined hook follows another. The Front follows the average of these 
hooks, and individual hooks are the means by which the echelon longi- 
tudinal elements link into the general form of the great curve of the 
Sierra. 

Half way around this curve, at the junction of the Front with the 
tangential Garlock Fault, is an especially perfect hook, named for Jaw- 
bone Canyon which cuts through it. Still another appears, equally con- 
spicuous on the map, farther along in the Tehdchapi Mountains. 

Thence, 30 miles to the San Andreas Fault, along the arc of islets seen 
in the perspective view, the plates remain unmapped. The topography 
and the maps of the bordering Tertiary rocks, however, suggest here a 
hook on a 50-mile radius connecting the Sierra around into the Coast 
Ranges. 

Thus, according to recent tectonic mapping, the southern half of the 
Sierra core is itself a great westward hook, convex southward. This is 
made up of many lesser hooks which are links in the echelon pattern. 
A completed analogy would suggest that the Sierra curve is a greater 
link that connects the lower end of the Sierra echelon with the beginning 
of another echelon, set over to the west, that of Baja California. 


Middle and northern Sierra Nevada.—What of that predominant part 
of the core which lies west and north of this border zone and is little 
mapped? The two known transverse sections reveal similar structures 
and suggest, but do not prove, that the whole width of the core resembles 
the East Front in constitution. North from Mono Lake nothing is known 
of the platy structures of the granite, and we have only the trends of 
mountain ranges and principal contacts as guides. From Lake Tahoe, 
somewhat uncertainly, these lead us northwest to the lava fields which 
make the ragged northern Sierra boundary. Or instead we can turn near 
Lake Tahoe around to the east,’ along a vague eastward hook in the 
direction of Virginia City. If the known features here reliably indi- 
cate the shape of the structure, they imply a great turn opposite in 
direction to that of the lower Sierra hook, making of the whole an 
S-shaped figure more than 300 miles in length. 


Mother Lode.—What, now, of the trends outside the core? Let us 
return along the mountain crest to Mono Lake, and turn then westward 
across the core, and across metamorphic rocks to the beginning of the 
Mother Lode. This is an old lane which lies intermediate between the 
San Andreas Fault and the Sierra Crest, to both of which it is parallel. 
Ernst Cloos has suggested (1935; 1936, p. 374) that the Mother Lode 


1 Eastward trending strips of metamorphic rock at this place were shown on Reid’s (1911) geologi¢ 
map. This came to the authors’ attention too late to be indicated on Plate 1. 
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is the western dynamic boundary of the core. The reason for this con- 
cept is seen in the fact that the lode makes the western limit of a 
peculiarly deformed strip of metamorphic rock, 20 miles wide, inlaid 
with islands and peninsulas of granitoid rock and bordering the core on 
the west. 

At the beginning of the Mother Lode near Mariposa, and for 30 miles 
northwesterly, the plates in this strip show some semblance of being uni- 
form and parallel with the lode. Near Sonora, however, they begin 
to buckle and for 85 miles they take the forms of accordion pleats with 
easterly axes. The granite peninsulas follow these pleats back to their 
junctions with the main core, and into that core the pleats project as 
curved trains of inclusions. 

Along the west edge of this pleated zone, the Mother Lode proceeds, 
first northwesterly and then northward, following for part of the way one 
of the defiles earlier mentioned. The distribution of quartz veins in the 
Placerville quadrangle (Lindgren and Turner, 1894) suggests that the 
Mother Lode may continue northwestward toward Nevada City and 
Grass Valley. On the other hand, it may continue northward as a 
structural feature through Alleghany, 65 miles beyond which it finally 
disappears beneath lava caps. 

From this latter direction, 35 miles north of Alleghany, the lineaments 
curve toward the west, and eventually, bearing around to the south, 
make a hook that opens southward and is 40 miles in diameter. A 
parallel inside route starts near Alleghany and describes a nested hook. 
Still another starts farther south near Grass Valley. All seem to be 
wrapped tightly around islands of granite. 

The outside hook disappears under the sediments of the Great Valley. 
Eighty-five miles south, opposite Plymouth, a zone of lineaments re- 
appears from under these sediments, proceeds southeasterly, and joins 
the Mother Lode zone acutely, near Sonora. Into the angle, strips of 
greenstone and serpentine are wedged southward. (Lindgren and Turner, 
1894; Lindgren, 1894; Turner, 1894.) 

If, now, the missing part under the sediments be supplied, the figure 
has the outline of a tadpole with its head northward. This makes a 
structural unit with pattern well expressed in the data recorded in the 
folios of the United States Geological Survey. It is termed the north- 
western loop (Pl. 2). 


Owens Valley, Inyo-White Mountains, and eastward to Goldfield —We 
have now sketched what is known and inferred of structural trends within 
the Sierra. Let us revisit the southern part of the region and examine 
some lineaments, which, from the convex side of the lower Sierra curve, 
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strike off on a north tangent into the Great Basin. From the south eng 
of the Sierra, at the Jawbone Canyon hook, we follow this tangent along 
the base of the Sierra scarp to the lower end of Owens Valley. In this 
valley we proceed northward, with the Sierra on the left and the lofty 
Inyo-White Mountains on the right, following a nearly straight cours 
for 180 miles. We then turn to the right on a sharp hook of lineament™ 
around two white granite fortresses, which make the northern end @f 
the White Mountain range. The turn here is made both by plates withig 
the rocks and by the topography, and it resembles the outer hook of th 
structure north of Grass Valley. It is called the White Mountains loog 
This loop, like the other, has interior buckles. The structure withig 
the mountains suggests hooks, convex northeastward, with an accordiog 
arrangement. One of these makes a knob 30 miles in diameter, in a rem 
éntrant of which the granite described by Miller (1928, p. 513-514) takem 
root. Another hook wraps around the White Mountain Peak, the loftiegij 
in the range. ‘ 
Now, following the outside lineaments southeastward along the north 
east side of the White Mountains, we find that after an interval 
course bears more and more to the east; then northeast through a poi 
several miles south of the mining district of Silver Peak, which is comm 
tained in a tight spiral, and then to Goldfield. 
At Goldfield we meet a lane of northwest trends, shown by jasperoiil 
ledges. The geology of the mines is a miniature imitation of the grea 
combinations of straight and curved structures that compose the Sie 
Nevada. The curved structures are represented by small accordion ples 
involving the quartz veins and delicately controlling the ore. 


From Goldfield northwestward.—Tonopah, 30 miles north of Goldfiel 
lies on a structural combination resembling that of Goldfield. For 
miles northwestward from Tonopah we proceed through country litt 
mapped for trends, until we come to the site of the Cedar Mountal 
earthquake of 1933 (Gianella and Callaghan, 1936), which is evident 
on the continuation of this zone. Farther on, the zone has been tracey 
by topography past Pyramid Lake. The supposed eastward hook of thel 
north end of the Sierra core, now seen to be on the projection of @ 
pleats east of the Mother Lode would bring the Sierra structures out 


meet this lane, south of the lake. 


From Goldfield southeastward—Along the same lane 60 miles fromm 
Goldfield in the opposite direction we come to the mining district 4 
Rhyolite, lying at a vaguely known cross structure. Thenceforwam 
the lane goes on through Las Vegas, Nevada. For scores of miles i 
exposures may be followed by means of recorded topography; evil 
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dently, as shown on the map, it twines through a zone of shears many 
miles wide and has many branches and echelon parts. 

This feature was first recognized nearly four decades ago by Spurr 
(1901, p. 258), who noted a division in southwestern Nevada between 
the Sierra and Great Basin directions. Attention was drawn to it again 
by the Cedar Mountain earthquake of 1933, and as a result it was mapped 
for the first time (Gianella and Callaghan, 1936). In 1935, finding a 
throughgoing shear zone in the region of Goldfield, Billingsley named it 
Walker Lane, after the explorer who followed a route affected by the 
shape of the land along this zone. Glimpses afforded by recent studies 
suggest that Walker Lane will prove no less significant than the San 
Andreas. These two longitudinal features seem to limit what we 
call the Sierra region, to enclose its granite core between them, and to 
be linked by the sweeping curves of that core. Both, moreover, are traced 
northwest and southeast for hundreds of miles. 


General distribution of lanes—Between the two outside lanes are 
many others. These divide certain large areas into parallel strips. Often, 
they have gentle curves which make the intervening strips pinch and 
swell. Locally, two intervening elements are joined by an oblique 
trough, as for example that from Furnace Creek in Death Valley across 
the mountains to the south end of the Armagosa Desert. Farther north, 
Emigrant Wash and Towne’s Pass similarly connect Death Valley to 
Panamint Valley. These and many other examples show that the linear 
gones form a braided system. 

Smaller features of similar shape and in increasing numbers are found 
also. There exists every gradation of size, from lanes a few miles long 
to tiny cracks and cleavages. Thus the Sierra pattern of trends is a 
fabric of innumerable longitudinal lines, into which are woven hooks, 
loops, and spirals, great and small. 


MOTION ON LANES 
DIRECT EVIDENCE 


During the San Francisco earthquake of 1906, the Pacific side of the 
San Andreas Fault shifted northwestward a maximum of 21 feet. The 
Separation was exhibited by offset fences, roads, and other markers. 
Along companion lanes in the California Coast Ranges, offset stream 
courses show some hundreds of feet of shift in the same direction. (Bu- 
Walda, 1926, p. 212; Russell, 1926, p. 507-511.) By similar offsets of 
geological formations, accumulations of miles of shift have been recog- 
Rized along particular northwest faults. (Vickery, 1925, p. 612-613; Kerr 
and Schenck, 1925, p. 478.) In the desert region of southeastern Calli- 
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fornia, Noble (1932, p. 355-363) found indications of 24 miles of shift on 
the San Andreas Fault. On the continuation of the fault northwest from 
Punta Arenas, the thousand fathom contour has, according to Shepard 
(1936, p. 105), “been displaced about forty miles in the proper direction.” 
All the shifts conform with that during the San Francisco earthquake. 

These faults lie in a coastal zone that includes the San Andreas Fault. 
On the opposite side of the Sierra Nevada, Johnston (Hobbs, 1910, p. 
379) found evidence of a maximum horizontal shift of 12 feet during 
the Owens Valley earthquake of 1872. 

Shift is indicated also on the smaller northwest breaks, including the 
cleavages and joints, which are obviously surfaces of motion. Wher- 
ever these are examined, they show displacement of transected features 
such as quartzite layers, aplite dikes, and even single crystals. In several 
hundred such observations, 90 per cent show northwest motion on the 
Pacific side. Furthermore, a similar shift on plates in the granite has 
recently begun to be established. 


INDIRECT EVIDENCE 


Indirect evidence of motion employs the phenomena that accompany 
separation. Among these are gash fractures, echelon folds, drags, sub- 
sidiary overthrusts, and grooves on fault surfaces. 

During the San Francisco earthquake, the surface soil developed jagged 
cracks which came into the San Andreas Fault. These, at angles of about 
40 degrees which were pointed with the motion, were explained by 
Reid (1910, p. 32-35) as tension effects from horizontal shift. During 
the Cedar Mountain earthquake on the Walker Lane in 1933, the ground 
developed similar cracks which, together with transverse humps, enabled 
Gianella and Callaghan to deduce a direction of motion. This pattern 
in unconsolidated surface material resembles that found in the mines 
at Goldfield. Similar evidence suggested to Eaton (1933) a direction 
of motion on the Newport-Beverly shear zone near Los Angeles. In all 
these cases, the evidence was for northwest shift on the Pacific side. 

Along the San Andreas Fault in San Benito County, Kerr and Schenck 
(1925, p. 476-494, esp. 494) found striking indirect evidence in recent local 
overthrusts alongside the fault. Those on the northeast carry the ground 
southeast, and those on the southwest carry it northwest. Similarly, over- 
thrusts in the oil fields east of the San Andreas Fault in Kern County are 
shown by the derangement of oil-well casing and by the buckling of pipe 
lines to be now moving southward (Koch, 1933). 

Grooves, streaks, and slickensides have been found in moderate num- 
bers. Along the Sierra Front, flat streaks on fault surfaces locally show 
a strong horizontal component of motion. This same component is 
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revealed by nearly horizontal streaks on northwest joints of the Sierra 
core. According to J. D. Curry (unpublished, 1937), gently inclined 
grooves are carried on steep longitudinal fault surfaces in Death Valley. 
Such grooves have been found also on Walker elements at Goldfield, 
where, as shown by the pattern of folds and stretching faults, the mo- 
tion of the southwest side is again to the northwest. Generally the pitch 
of the grooves and streaks ranges from zero to more than 30 degrees. 
The vertical components of motion which they indicate may be respon- 
sible for the mountain uplifts and accompanying depressions along cer- 
tain shift zones. 

The longitudinal strips into which the Sierra is divided are thus seen 
to be bounded by lanes along the outcrops of surfaces of nearly hori- 
zontal shift. Most of these are weak and small, and their displacements 
are measurable in millimeters. Others are dominant and throughgoing, 
and their displacements are measurable in miles. With few exceptions, 
the motion is northwestward on the Pacific side. Furthermore, with 
time, it has appeared at successively greater distances outward on both 
sides of the core. The San Andreas and Walker lanes, which hold the 
S-figure of the core between them, carry much of the recent motion of 
the region. 

At this stage of the discussion, the Sierra may be described as a zone 
pervaded by longitudinal surfaces of shear, the shift on which, to the 
observer looking across them, is consistently to the right. 


MOTION ON CURVES 
RELATION TO MOTION ON LANES 


How do the curves harmonize with this shift? In what way can the 
loops, hooks and buckles be woven into the longitudinal warp? 

The largest mapped curve is the westward swing of the lower end 
of the Sierra core. Is this harmonious with the linear shearing? It 
seems to be eminently so, for it fits into the described concept of motion 
as a great clockwise drag. Furthermore, the curves of the next lower 
order of size mapped along the East Front imitate, both in shape and 
attitude, the larger curve. They also look like drags, all in the same 
direction. 

What, then, of the White Mountains and northwestern loops, and the 
supposed hook at the upper end of the S, all convex northward? Are 
these, also, to be interpreted as drags? What of the hooks and other 
curves nested inside the loops? Do those of the northwestern loop imply 
clockwise rotation? Do they not also imply a northward thrusting from 
the constriction at the south end of the loop? And what of the Silver 
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Peak spiral, nested within a strand of the White Mountains-Goldfield 
arc? 

None of these features has been thoroughly studied for evidences of 
motion. Nothing in the general pattern as now known, however, is in- 
compatible with the horizontal shift elsewhere established; moreover, 
recent detailed mapping of a small area near Jackson, well removed from 
the locale of the previous close mapping, has consistently revealed small 
hooklike folds convex southward, and the bedding in the folds has been 
shifted on longitudinal cleavages in the San Andreas direction. Ob- 
viously, the question of the universality of such shift through the whole 
Sierra region will remain unanswered until all portions of that region 
have been equally studied. 

The principle here suggested, of motion long continued and without 
fundamental reversals, yields a simple and coherent picture and is, of 
course, a tempting concept. To what degree it may harmonize with the 
known pattern of drags and shears is somewhat illuminated by compari- 
son with a moving stream. 

Let us consider the right bank of a river flowing away from us. The 
water makes patterns convex downstream and hooking clockwise up- 
stream against the right bank. But this is only the general effect; local 
promontories, indentations, and turns create local counterclockwise eddies. 

If now we go over to the left bank, we find an equivalent pattern, also 
convex downstream, but hooking counterclockwise. On this bank, the 
comparison with the Sierra region is unjust, for the Sierra has right 
banks only. Let us therefore imagine a river of a peculiar kind, the 
rignt bank of which moves northwestward and the left bank southeast- 
ward in relation to the water. The drag pattern in this case would hook 
into the banks in the direction of their motion, and the respective con- 
vexities, facing in opposite directions, would be joined by a medial zone 
of eddies. In other words, the stream, down its middle, would bear an 
array of clockwise eddies, and each of these would send out tangential 
ripples—those on the right dragging around northwestward to join the 
right bank, and those on the left dragging around southeastward to join 
the left bank. 

Obviously, eddies formed in a rock stream would be more compli- 
cated than this. The bank in some cases would be a gradational feature. 
Eddies frozen into the rock would confuse the traces of later motion, 
and rock which at one stage could curl into eddies would at another 
become so stiff as to induce eddies in the neighborhood rock. Neverthe- 
less, a pervasive characteristic would be whorls in a clockwise direction. 

Of the whorls in the Sierra region, only those along the East Front 
from the Yosemite to the southern end have been mapped for evidence 
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of their individual directions of motion. As will be described later, the 
predominant motion within them is upward. However, the horizontal 
component, revealed by their shapes, implies that the whorls have gen- 
erally revolved clockwise. 


EVOLUTION OF CURVES 


Let us bear in mind that the lanes and curves grade into each other, 
and none of the shift zones on the map is free from deflections. It is 
remarkable that, with the rocks so drastically buckled, the lanes manage 
to maintain any semblance of straightness. 

That they do so would seem a matter of economy in the use of 
energy. Is not the straight, steep zone the form along which the crust 
will be adjusted with the least work (Washburne, 1937)? Certainly 
more work is required to push rock over a flat floor or into a reéntrant. 
Then why are there curves at all? There might not be any were the 
crust homogeneous. But, the rocks vary enormously in mechanical prop- 
erties. Where a zone of displacement issues from equal walls and pro- 
ceeds between walls one of which is, for example, more rigid, the motion 
is retarded on the rigid wall, and the zone is deformed into an are convex 
from it, like the islands curving around Australia. 

This are is a locus of growing friction. As it is further bent, the mo- 
tion can at last no longer pass wholly around the corner, and it begins 
to crowd over as a thrust toward the convex side. The result is a drag 
flexure, the visible expression of which is a whorl. In its core, some 
suggestion of the funnel shape is usual, and this seems to result from 
upward and outward expansion into levels of less pressure. Overthrusts 
appear around the margins of a funnel if it flares greatly; steep up- 
thrusts characterize the steeper funnels. 

The Sierra abounds in examples of this evolution. Of these, the largest 
seems to constitute the S-figure. Is this a great, old linear zone dragged 
around at north and south into the younger, bounding shears? The con- 
vexity of the upper end faces northwest; the parts studied near Jackson, 
and along the American River farther north, eve fringed by steep, out- 
ward thrusts. The convexity of the lower end of the S-figure faces south- 
east. Here, excavations for the Los Angeles aqueduct, extending along 
nearly the whole curve, reveal alternate light and dark layers of crushed 
and sheared rock dipping back under the Sierra. Locally, these layers 
are replaced by dikes of aplitic granite. More locally still, the thrust- 
ing is recorded by small isoclinal folds within sheet-like protrusions of 
thyolite and dacite. But these are merely details of a much greater effect 
now being brought into view by accumulating studies. Toward the Great 
Basin, the Sierra core enlarges in a huge southeastward bulge. This 
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seems to be a plate lying on flat, inward-sloping floors. The root is back 
in the High Sierra. 

To go now to the opposite extreme of scale, we can find in hand 
specimens numberless examples of the interdependence of curves and 
longitudinal elements. Near the axes of steeply pitching folds, the older 
plates are cleaved across and sometimes displaced one or two millimeters. 
The cleavage strikes northwest. Thus, a small, local shear has been 
flexed and, later, new lines of shear in the regional direction have broken 
across the flexure. This is a tiny item from the Sierra history illustrating 
an episode in the alternation of shapes, and the never-ending effort of the 
motion to straighten itself. 

The suggested motion, then, would seem to be fundamentally along 
steep surfaces which are almost planes. The curves are tangent to these 
surfaces. If, with the aid of deep erosion, we follow them downward, 
we find that the curves outline steep-walled funnels of varying degrees 
of perfection. This is true in both the metamorphic rocks and in the 
granites. 

These funnels seem to have been formed by motion between the steep 
walls. This motion is illustrated in a lump of clay rolled between the 
hands; the clay is drawn out into a cylinder or funnel with a large 
component of motion along its axis. If the simile is just, we should find 
such components in the natural funnels. 

Numerous indications of such components of motion have been yielded 
by the many funnels studied. These indications consist in the linear 
stretching of the granitoid and metamorphic rocks, as shown by the 
linear elements lying within their plates. Wherever such structures have 
been mapped, the evidence is clear that the funnels have been elongated. 
An extreme effect could be volcanic eruption. 

The motion just previously described is across that of the fundamental 
shearing. We note that the students of petrofabrics have found in other 
regions an elongation due to dragging across the principal elongation; 
the few petrofabric studies of granites show a girdle of the poles of mica 
flakes at right angles to the flow lines. Various students of granites have 
taken the flow lines to denote the direction of principal motion. The 
Sierra studies appear to harmonize these opinions. 

To summarize the relations of motion to trend: Lanes imply large 
components of longitudinal motion; curves imply large components of 
cross motion, varying between vertical and horizontal. This is another 
way of saying that the lanes correlate with horizontal shear, and the 
curves with upthrust and overthrust. 

The thrusts develop from the shears by frictional drag. The shears, 
either constant or recurrent, reassert their supremacy by cutting across 
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the thrusts. Thus, as would be expected, the data of motion compiled 
from here and there seem confused and orderless; but experience through- 
out the well-mapped fraction of the Sierra shows that the most involved 
details are related to a broader and simpler picture. 


HEAT 
GRANITE AS A HEAT EFFECT 


Stages of granitization.—If, as in the tectonic actions described above, 
the rock becomes heated, it undergoes certain changes, the most extreme 
of which is the growth of large, strong, crystals, tightly interlocking to 
form granite. We can visualize the range of the heat effects from the 
sages in the creation of a granite body. 

These stages are exhibited along a 30-mile stretch from the middle 
of the Inyo-White Mountains range westward across the Owens Valley 
to the High Sierra. Here the Paleozoic rocks of low metamorphic rank 
may be traced through progressively stronger alteration into the granite 
of the High Sierra core. 

The changes, however, are not uniform but punctuated by nodes coin- 
tiding with minor intrusions which are scattered like islands in the sea. 
While little studied as to interior trends, the positions of these islands in 
the known framework require them to be funnels of the kind mapped in 
the Sierra. Each node is surrounded by narrow zones of strong de- 
formation and metamorphism. 

Not only are the changes toward the Sierra core irregular but they 
are never completely seen in any one series. Just as the sedimentary 
column has to be built up by the overlapping of sections, so this inclusive 
sries is compiled from various localities. 

Let us take, for example, that path of evolution which leads through 
argillaceous rocks to granite. First, we find that shales such as those 
of the Inyo Range undergo infinitesimal motion on each of their cleav- 
ages, and these cleavages therefore become slip planes. With the motion 
begins a barely perceptible coarsening of grain. 

The next stage is clearly shown in many of the twisted streamers in 
the western wall of Owens Valley which makes the eastern margin of the 
Sierra Nevada. The rock has now undergone more motion along its slip 
surfaces and has turned a cedar brown through growth of phlogopite. 
Moreover, the coarsening of the grain has become noticeable to the 
unaided eye. Along or across the strike, changes to rock of even more 
extreme motion can be found. The coarseness is still further advanced 
here, with development of millimeter grains, and the cedar brown has 
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given way to greenish black by substitution of hornblende for mica. The 
result is a dark schist enriched in iron. 

What further happens to this material can be seen at many localities 
around the curve of the southern Sierra. The cleavage gradually coarsens 
across the structure toward the inside of the curve; bands appear rich in 
feldspar, or in feldspar and quartz, and the rock becomes a gneiss. In the 
High Sierra, 25 miles southwest from Mono Lake, where the schist 
changes similarly by development of feldspathic layers, the light matter 
increases westward, and the dark layers become thin and vague, yielding 
at last a granodiorite with schlieren. At other places, such as the head 
of Pine Creek, 40 miles south of Mono Lake, the progression is along 
the structure, where the dark schists lose their foliation and coarsen. The 
product, depending on the presence or absence of quartz, is a diorite or 
a gabbro. 

Along the South Fork of the Kern River in the southern Sierra, the 
original banding is perpetuated only on a gross scale, and certain moun- 
tains have the aspect of a tilted sedimentary series. The layers vary 
from 2 to 100 feet in thickness and consist of alternating diorite or gab- 
bro, and lighter granodiorite, forming what might be called a giant gneiss. 

In various parts of the Sierra, recrystallization has abolished the lay- 
ers. Where structureless diorite or gabbro have resulted, these, together 
with the twisted relics of schist, may be shattered and tied together by 
ligatures and knots of granite. This is the assemblage for which Knopf 
(1918, p. 70-71) used the name plutonic complex? Across the crest of the 
range in the Pine Creek area, the complex breaks up into crowds of lesser 
bodies, separated by more and more of the granite. The distribution of 
this granite, however, is not uniform; a view from above would re- 
veal conspicuously light spots one to 6 miles in diameter. These are 
principally granite and include scattered, dark remnants; their centers, 
lightest of all, are aplitic and practically devoid of such remnants. The 
spots are the outcrops of the funnels previously mentioned. 

The granitization so far described goes through the argillite series, 
but argillite is not essential to the process. At the head of Red Mountain 
Creek, on the East Front 75 miles southeast from Mono Lake, siliceous 
granite has been made from marble by gradations no less clear than 
those detailed above. This marble is changed by the incoming of quartz 
and feldspar at the expense of calcite. Structures of the marble are 
continued into the granite by curling wisps of lime silicates. The car- 
bonic acid thus released could have been one of the abundant gases of 
a contemporaneous volcano erupting above. 

A variety of other material goes to granite if the process is continued 
long enough. The composition of the product is evidently controlled 
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not by composition at the beginning of alteration but by chemical and 
mechanical stability at the end. Granite, as thus understood, is the stable 
end result of a series of crystallizations. It is the last of the meta- 
morphic series, and the steps and details of that series are far less sig- 
nificant than the conclusion. As is well known, some of the steps can be 
omitted in a given series. Schist, for example, instead of grading into 
complex and thence into granite, often projects sharply into granodiorite 
and is continued therein by long streamers of schist fragments. Progress- 
ing farther into the igneous rock, these lose their schist texture and 
take on that of diorite. Distinct, dark clots so formed are pulled out 
into thin, vague schlieren. 

Another familiar and stronger disconformity is found where an in- 
trusion, by shearing the connecting links, cuts out a portion of the series. 
Quite evidently, the granite made in one place is pressed out across 
products belonging to an inferior rank of the granite-making process. 

The sharp contacts resulting from these processes have by custom 
been taken to imply ascent of melt from a remote reservoir. Refine- 
ments of recent maps, however, suggest limits to distance and scope of 
the upward travel. In scores of places trends from the walls have been 
traced into the intrusions and even across disconformities of rock type. 
Similarly, as is clearly shown in maps by Ernst Cloos (1936), curved 
trends in earlier granites are continued across intrusive contacts into 
later granites. Such relations require a gradation in physical qualities 
including plasticity during the motion which established the trends. The 
general concept of a rigid wall invaded by a far travelling plastic melt 
seems out of harmony with what has been seen in every Sierra area 
thoroughly studied by the writers. In numerous cases where gradation of 
material or continuity of trend has been mapped across a contact, the 
natural conclusion is that the granite is nearly an indigenous product. 
It is true that at the more plastic stage the material which finally became 
granite was often squeezed along by its moving walls; but its contacts 
may then be regarded as upthrusts of moderate rather than profound 
displacement. Strong evidence against the extreme mobility which would 
be involved in the distant bodily transfer of granitic material is found. 
Transfer of heat by tenuous fluids is easy to mistake for transfer of 
granite, and it has often been so mistaken in the past. In the present 
light, voleanic phenomena are proof of the travel of melts. The remote 
derivation of such melts and of some of the granite is still entertainable; 
yet, the richer the store of observations, the less application this hy- 
pothesis seems to have, and the less necessary it becomes. The Sierra 
evidence begins to amalgamate the idea of intrusion with that of grani- 
tization but gives first place to the latter. 
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Correlation of rocks with structures—As we have described the prod- 
ucts of crystallization, they make a series of rocks paralleling the series of 
structures. Fresher material such as clay slate lies in the simpler 
structures. The crystallization progresses through increasing complica- 
tions to the stage of granite and lava. The places of most complete 
granitization are those parts of the tectonic pattern in which the knots 
are drawn the tightest. 

This places the granite at the loci of strongest distortion. The Sierra 
core is the part of the mountain system in which such loci are clotted 
into a great curving line. It resembles a turbulent stream passing be- 
tween curved banks, a gigantic drag zone of whorls of various shapes 
and sizes. 

The individual whorls can be studied in a series connecting surface to 
depth, for they have been variously eroded. Near Pine Ridge, 30 miles 
south of Yosemite, the granite contains a funnel 12 miles in diameter. 
Around the periphery of the funnel remain a few thin streamers of schist 
while inside small black clots persist which are remnants of schist, diorite, 
and gabbro. The funnel has an irregular center of aplite and carries 
aplitic masses strewn around its northern edge. It is obviously a whorl 
in which granitization is far advanced. 

Near the southern end of the Sierra, in the area of the Jawbone Canyon 
hook, occurs a similar granite funnel. Here, the proportion of aplite 
is greater, suggesting a still more advanced stage and a deeper level of 
exposure. A peculiarity not seen at Pine Ridge is that this whorl, after 
complete crystallization and a mile or two of erosion, was revived. As 4 
result, the granite is almost everywhere crushed, and areas are found 
in which aplite has been milled to loosely coherent sand and erosion has 
developed badland shapes. Along the most prominent curved shears, 
loose, crushed granite grades through strongly cemented granitic sludge 
to frothy masses with glassy borders which obviously were melted and 
squeezed outward and upward on thrusts. Similarly thin schist zones 
grade into dark-gray sludges, sometimes carrying phenocrysts, and these 
in turn grade into dikes of andesite or dacite porphyry. The pattern of 
the re-fused masses conforms strikingly with that of the older whorl in 
the granite. Two of the larger nodes make Cross and Chuckwalla moun- 
tains. Since the new melt was generated, erosion, by removing perhaps 
1000 or 2000 feet of rocks, has exposed actual volcanic roots. 

One hundred and fifty miles farther north, within 18 miles of Mono 
Lake, the East Front is indented by an elliptical basin from the floor of 
which rises a cluster of volcanic hills. These hills are curved, so that 
the topography resembles a whorl, like many of those mapped in granite, 
and like that followed by the re-fused granite of Jawbone Canyon. A 
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structural survey by J. R. Chelikowsky (1936, unpublished) has shown 
that the ridges were pushed up while their rhyolitic materials were some- 
what plastic. Orientations of flow layers and zones of alteration bear 
out the whorl-like pattern suggested in the topography. The area is the 
surface expression of a whorl in the rocks below, and the rhyolite and 
associated hot springs are accompanying heat effects. 


Origin of heat——The great heat effects of the Sierras, then, correlate 
with tightening of the structures, and we are brought to seek reasons for 
this. Two, not mutually exclusive, are suggested: (1) The tightening 
makes channels for introduction of heat; and (2) the tightening itself 
yields heat by friction and compression. 

Let us examine this latter suggestion. The greatest heat effects are, 
in fact, found precisely where the greatest heat of friction and com- 
pression would be expected. As the crystals coarsen they act as grit in a 
bearing which increases friction and the deflections of shears and thus 
draws the knot still tighter. The process of deflection and crystal growth 
thus supplies its own heat and can, therefore, be self-perpetuating. 

But why does it not continue to an explosive maximum? The answer 
to this question may be that, as growth continues, one of the factors 
declines. With increased heat, plasticity increases, thereby decreasing 
internal friction and its resultant heat. Or where, at last, by the counter- 
balancing and alternation of effects, the crystals grow so as to interlock, 
the tectonic history is ended, and the motion is pushed out altogether into 
the adjoining weaker rock. Thus the granite core might be slowly ac- 
cumulated to stand fast while the adjoining regions slide along its borders. 
By a continuation of this process the continental shield might be made. 

According to this concept, both the material of the granite and the 
heat used in its development would be indigenous. The problems of 
granitization would be concerned, not with what comes into the place, 
but with what goes out of it, and not so much with intrusion as with 
expulsion. Dark, iron-rich matter was expelled from the country rock 
and the substance of the granite, a residual concentrate rich in alkalis and 
silica, was left. 

The origin of the granite, therefore, may be quite as well revealed 
by the present erosion of the Sierra core as it would be by deeper erosion. 
Because both heat and granite correlate with deflections of shears, and 
these with changes from less rigid to more rigid shear walls, the place 
of origin ought to correlate with these changes. Do these changes in- 
crease with approach to the earth’s surface? Is a surface zone, 5 or 10 
miles thick, the zone of greatest contrast of temperature and composi- 
tion, and is it, therefore, the locus of concentrated turbulence and graniti- 
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zation? Does the granite originate here and grow downward penetrating 
in ever milder tapering structures and mingling finally with the homo- 
geneous streaming of the earth’s interior? 


METALLIC ORES AS HEAT EFFECTS 


The Sierra granitoid core is conspicuously poor in ore deposits and its 
margins are conspicuously rich. Metal would seem to have been taken 
from the middle, carried to the borders, and fixed there. According to 
present knowledge, the dark, iron-rich matter liberated by the recrystal- 
lization of various rocks low in the metamorphic scale carries various 
metals. This concept would make a supply of metals for the ore deposit 
an incident of heat-alteration, and the ore might be deposited at any 
time in geologic history when motion and heat for the alteration became 
available. In this light it is interesting to contemplate the great zone of 
metamorphic rocks stretching from Mexico to Alaska; for this carries an 
unending succession of granitoid cores with ore deposits grouped around 
them. 

The position of the ore then is not necessarily a question of where the 
metal came from, for sources would be available over great ranges of 
structure. It is a question, rather, of the nature of the traps which caused 
the metal to linger and concentrate on its outward journey. These traps 
are parts of the tectonic pattern. During the evolution of that pattern, 
both the metal and the motion seem to have been driven out into the 
adjoining walls. The motion, being continued there, now affects ground 
already enriched in metal and creates in it local miniatures of the granitic 
whorls of the core. These whorls have their individual, accompanying, 
heat effects, including concentrations of ore belonging to a second stage. 
No one knows how many times these processes may have been repeated, 
how often the metal has been dissolved and reprecipitated, nor to what 
degree the kind of ore may be controlled by the stage of reconcentration 


attained. 
SUGGESTED TECTONIC PATTERN 


Within the Sierra Nevada lies a steep-walled core from which thrusts 
radiate. These spread eastward far into the State of Nevada; south- 
ward, they impinge on the crystalline rocks of the Mojave Desert; and, 
in the western foothills, they slice the Paleozoic and Mesozoic formations. 

Thus, the Sierra structure has the shape of a flower. The core repre- 
sents the stem, and thrusts in the Sierra and neighboring mountains are 
like expanding petals. But the stem is not circular; its northwest dimen- 
sion of 300 miles is more than five times its width. 

The internal pattern of the core and its walls of metamorphic rocks 
are accessible to direct observation in the High Sierra. To the east and 
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southeast, the bordering Basin Ranges, which are rugged and dry, fur- 
nish spectacular exposures of the overthrusts which spill outward on that 
side. 

But, the features thus described are only an embellishment of the tec- 
tonic picture. The region, with its conspicuous hooks, whorls, and knots, 
is also cut into hundreds of longitudinal slices by structures of simple 
surface expression, like the San Andreas and Walker lanes. How can 
the vertical and transverse motions, implied by the curves, be reconciled 
with the longitudinal motion implied in these other structures? 

The answer seems to be that the longitudinal motion is fundamental, 
and that everything else is incidental and resultant. 

If, in examining the tectonic picture, the observer allows the curves and 
overthrusts to fade into the background, he will see a remaining frame- 
work into which all can be properly fitted. Local convolutions are merely 
drags in a current. The picture now becomes a glimpse of a great rock 
stream, a regional shear zone, making adjustment between the north- 
west-drifting Pacific terrane, and the southeast-drifting terrane which 
borders this on the east. 

The kind of rock found in this shear zone correlates with the structure. 
The intrusions mark the sites of the strongest deflections and distor- 
tions; they are, if we may use the term, ultra-tectonites, and they record 
the effects of the most concentrated motion and of heat generated or 
admitted by such motion. The escape of heat at the surface is marked 
by volcanic outlets and hot springs. Where the heat was mild and coin- 
cident with a favorable trap it left that most subtle of tectonic records, 
the ore deposit, a miniature of the mountain structure wrought in metal. 
This is a tiny root or stalk, with delicate, spreading branches, and is all 
but last and least in the immensity of its surroundings. 
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ABSTRACT 


Three new formational units are proposed for the Upper Cambrian strata of south- 
em Montana. The term Gallatin has been eliminated, as its use in any sense other 
than the original definition of Peale is invalid as well as confusing. Recent work 
has shown that Upper Cambrian formation names used in central Montana cannot 
be extended into the southern area. The relationship of the southern Montana sec- 
tions to well-known sections in central Montana and northern Wyoming is briefly 
discussed. 

INTRODUCTION 


GENERAL STATEMENT 


It is proposed to divide the Upper Cambrian strata around the Bear- 
tooth Range in south-central Montana and immediately adjacent por- 
tions of northwestern Wyoming into three new formations. Geologic 


(541) 


an 
— 
4 


542 DORF AND LOCHMAN—UPPER CAMBRIAN IN SOUTHERN MONTANA 


mapping and stratigraphic studies have been carried on in this region 
for a number of years by the senior author in conjunction with members 
of the Beartooth-Yellowstone-Bighorn research parties (Dorf, 1934; 
Field et al., 1932, p. 38-47). The junior author spent the field seasons of 
1936, 1937, and 1938 in the area examining in detail and collecting from 
representative Upper Cambrian sections. 
HISTORY OF THE PROBLEM 

Since the publication of the Livingston Folio in which Iddings and 
Weed (1894, p. 2) applied the name Gallatin limestone to the dominantly 
limey upper portion of the Cambrian section, the term has been consist- 
ently but loosely applied to Upper Cambrian beds by practically every 
geologist working in this general area. The loose usage of the term 
created considerable confusion in the correlation of the different sections. 
Deiss (1936, p. 1261-1268) has given a complete and detailed review 
of the history of the name Gallatin and has conclusively shown (Deis, 
1936, p. 1341) that its use in any sense other than that of Peale’s (1890, 
p. 131) original definition is invalid. The authors agree with Deiss on 
this point. They have examined the central Montana sections with 
Dr. B. F. Howell and Dr. Charles Deiss, to determine whether the Upper 
Cambrian formation names of that region (Weed, 1900; Deiss, 1936) 
could be readily employed in the southern Montana area. It was found, 
however, that lithologic changes between the two regions warrant the 
recognition of different units. Three new formations—the Maurice, the 
Snowy Range, and the Grove Creek—are accordingly proposed for the 
Upper Cambrian sequence of southern Montana. 
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DESCRIPTION OF FORMATIONS 
INTRODUCTION 
The three Upper Cambrian formations are described in descending 
order: The Grove Creek formation (Trempealeau equivalent), the Snowy 
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Range formation (Franconia equivalent), and the Maurice formation 
(Dresbach equivalent). 


GROVE CREEK FORMATION (TREMPEALEAU EQUIVALENT) 


The Grove Creek formation, the highest unit, is named from a tributary 
of the Clark Fork of Yellowstone River, Grove Creek, which has its 


Section at type locality—N. 1% NW. % sec. 36, T.8S., R. 20 E. 


Bighorn formation 
Yellow, sandy dolomite 
Grove Creek formation 


Shale, limestone, and intraformational limestone pebble conglomerate: 
predominantly soft, thin-bedded, yellow-green shales, intercalated with 
44- to 1-inch beds of gray, fine-grained, platy limestones with a few thin 
beds and lenses of gray and greenish limestone pebble conglomerate. 
Sparingly fossiliferous throughout: Collections 31/la, 2 feet from top; 
Intraformational limestone pebble conglomerate, shale, and limestone: 
thick-bedded limestone pebble conglomerates consisting largely of well- 
rounded, greenish-coated pebbles in a white, coarsely crystalline matrix 
containing star-shaped crinoid stems; thin beds of gray-green, fine- 
grained limestone; thin beds of yellow-green shales. Collections 31/2a 
to 31/2i through upper 20 feet of interval...................0cceeeeeee 31.9 
Snowy Range formation 
Gray-green, thin-bedded shales 


Feet 


source in the Beartooth Front 5 miles southeast of Red Lodge, Montana. 
The type locality is the well-exposed outcrop on the south wall of the 
valley of the North Fork of Grove Creek (Fig. 1; Pl. 1, fig. 1). The 
formation is a heterogeneous mixture of yellow-green fissile shales, gray, 
buff, and orange platy limestones and dolomites, and yellow-green lime- 
stone pebble conglomerates. It is divisible into two members, a lower 
one of predominantly limestone pebble conglomerates, and an upper 
of shales and platy dolomites. The thickness averages 35 feet, with a 
maximum of 47 feet and a minimum of 20 feet. 

Although the Grove Creek formation has a varied field appearance, 
partly because of slight color changes and partly because of minor litho- 
logic changes, an examination of the different sections reveals two 
diagnostic characteristics. One is the peculiar, well-rounded, greenish- 
coated limestone pebbles (many with a hole worn through the center) 
which, with large, star-shaped crinoid stems, make up prominent thick 
beds of pebble conglomerate in the lower part of the formation. The 
second is the yellowish to orange color. At the type locality none of the 
beds is wholly yellow, yet a definite yellowish cast throughout the forma- 
tion distinguishes it clearly from the underlying gray-green Snowy 
Range. At other localities, as Beartooth Butte, or south of Nye, Mon- 
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tana, the upper portion of the formation consists largely of platy bright 
yellow, orange, or reddish arenaceous dolomites, so that the position and 
thickness of the formation are readily determinable even on poorly ex- 
posed slopes. At Castle Rock on Mill Creek lenses of a pale yellow, 
coarse, pure fossiliferous limestone appear among the platy limestones 
and dolomites. The proportions of shale, limestone, and dolomite vary 
in the upper member, but never are the pebble conglomerates dominant 
as they are in the lower member. 

The base of the formation can usually be placed at the base of the 
lowest thick bed of well-rounded pebble conglomerate. Because of its 
greater resistance this unit stands out in the sections, while the shaly 
beds above and below weather into slopes. Only in the Castle Rock 
section on Mill Creek is the contact with the underlying Snowy Range 
formation well exposed. In the measured section the lowest beds of the 
Grove Creek are not the typical well-rounded pebble conglomerate but a 
flat-pebble conglomerate similar to those of the Snowy Range. It is read- 
ily distinguishable from them, however, by an abrupt change from the 
gray-green limestone pebbles of the Snowy Range conglomerates to red 
limestone pebbles in a yellowish limestone matrix. The sedimentary 
break between the two formations is traceable as a dark, slightly irreg- 
ular line separating the two pebble conglomerates (PI. 2, fig. 2). 

The contact of the Grove Creek with the overlying Bighorn formation 
is at most localities covered by Bighorn talus, so that the upper limit 
of the formation can be only roughly determined. At the type locality 
the contact is well exposed. There is a fairly abrupt change from gray 
shale to yellow sandy dolomite, and the uppermost 3 inches of the shales 
has a leached and reworked appearance. In this section the basal Big- 
horn consists of an 11-foot light-yellow sandy dolomite bed which has 
not been reported from any other locality. The color has led to its con- 
fusion with the yellow platy dolomites in the upper Grove Creek, but 
the presence of Ordovician corals in the bed indicates its affinity with 
the Bighorn formation. 

The variable thickness of the Grove Creek formation may be attributed 
to pre-Bighorn erosion and variation in the amount of clastics in the 
Grove Creek. Although little evidence of erosion at the Bighorn-Grove 
Creek contact has been observed, nevertheless there is a long faunal 
hiatus between the two formations. During this lapse of time there 
may have occurred a period of subaerial erosion of which definite evi- 
dence has not yet been obtained. The variation in amount of clastics 
is well exemplified by the conditions at the type locality where the 
formation is thickest and where there is a much higher percentage of shale 
than is usually found in the thinner sections. 
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Ficure 1. Type Secrion—Grove Creek 
FORMATION 
(d) Base of formation 
(e) Top of formation 
(f) Yellow dolomite of the Bighorn 


Figure 2. Snowy Rance FormMaTION 
Base of formation in valley in foreground. 
(a) Columnar limestone of Irvingella major zone 

(b) Limestone outcrops of Conaspid zone 
(c) Pebble conglomerate cliff of Prosaukia zone 
(d) Top of formation 


NORTH GROVE CREEK SECTION 
(Photographs by C. Lochman) 
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Ficure 1. Type Secrron—Snowy RANGE FormMATION 
(1) Base of Snowy Range formation 
(2) Top of Snowy Range formation 
(3) Top of Upper Cambrian sequence 
(Photograph by J. T. Wilson) 


Froure 2. Contact BETWEEN GRrovE CREEK 
FoRMATION AND SNowy RANGE ForMATION (a-a) 
(Photograph by C. Lochman) 


MILL CREEK SECTION 
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Throughout the area, the shales and platy limestones and dolomites 
of the upper portion of the formation carry a sporadic trilobite fauna 
assignable to the Eurekia zone. No fossils of stratigraphic value have 
yet been obtained from the lower portion. In 1937, Mr. W. E. Rudel 
found on the Upper Cambrian section along the south side of Soda Butte 
Creek, opposite Cooke City, Montana, a loose weathered specimen of 
Scaevogyra sp. undet., which, from its position on the talus, was probably 
derived from the Grove Creek formation. This specimen suggests the 
presence of the Scaevogyra zone at least in some sections in the area, 
but the authors hesitate to consider the zone as definitely established 
until a representative faunal assemblage from it can be located in place. 
The Grove Creek may be considered as the equivalent of at least the 
Jordan member of the Trempealeau of Wisconsin, and it may also con- 
tain beds correlative with the Saint Lawrence member at the base of the 
Trempealeau. 


SNOWY RANGE FORMATION (FRANCONIA EQUIVALENT) 


The Snowy Range formation constitutes the middle unit in the Upper 
Cambrian sequence of south-central Montana. It is named from the 
Snowy Range Ranch on the East Fork of Mill Creek, Park County, 
Montana. The type locality is on the south slope of Castle Rock about 
2 miles downstream from the ranch at the junction of the East Fork with 
Mill Creek (Fig. 1; Pl. 2, fig. 1). The formation is remarkably con- 
sistent lithologically throughout the entire region and is readily dis- 
tinguished as a unit of intimately intercalated gray-green shales and 
greenish flat-pebble conglomerates forming a long greenish-gray slope 
broken by low irregular outcrops. Examination reveals that the more 
persistent and prominent of these low cliffs represent. everywhere the 
same two units—the upper one, a massive-bedded, flat-pebble conglom- 
erate of the Prosaukia zone, the lower one, the dense white columnar 
limestone of the Irvingella major zone (PI. 1, fig. 2; Pl. 3, figs. 1 and 2). 
This latter unit is the same as that described recently from the section at 
the head of Death Canyon, Grand Teton National Park, Wyoming, 
as a bed of calcareous algae, Collenia magna Fenton and Fenton (Fenton 
and Fenton, 1939, p. 103). A third persistent but not outcrop-forming 
wit of the formation is the basal 80 to 90 feet which consists wholly 
of thin-bedded, gray-green shales, with a few thin sandstone beds which 
clearly represent local coarsening of the sediments. The formation 
averages 250 feet in thickness, with an observed maximum of 281 feet 
and a minimum of 182 feet. 

Although the thin-bedded shales of the Snowy Range differ from the 
shales of the overlying Grove Creek only in their light gray-green color, 
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Section at type locality—N. % SE.% sec. 13, T.6 8. R.9 E. 


Grove Creek formation 
Medium-bedded, buff limestone pebble conglomerate 
Snowy Range formation 


Pebble conglomerate: medium-bedded; greenish-gray, crystalline lime- 
stone matrix with scattered flat pebbles of dense limestone. Collections 


Feet 


Partially covered interval of gray-green thin-bedded shales with lenses 

Pebble conglomerate: a single bed of flat, dense limestone pebbles in a 

light gray-green crystalline limestone 23 


Partially covered slope: talus of thin, gray-green shales and pebble con- 
glomerates; scattered outcrops of thin-bedded fine-grained, gray lime- 
stones and 1- to 3-foot beds and lenses of greenish-gray flat-pebble 
conglomerates. Collections 22/T2, 22/T3 at base; 22/T5, 20 feet above 
base; 22/u, 40 feet above base; 22/ul, 55 feet above base............. 87.65 


Pebble conglomerate: cliff of massive-bedded, greenish, flat-pebble con- 
glomerate; pebbles of dense, gray limestone embedded in a light-gray, 
medium-grained, dominantly greenish, fossiliferous limestone matrix. 


Collections 22/T at base; 22/T1, 10 feet above base.................. 198 
Partially covered slope; talus of thin-bedded, gray-green shales; lenses 
of flat-pebble conglomerate as low outcrops..................-.0-005 16.23 


Limestone and pebble conglomerate: thick-bedded greenish flat-pebble 
conglomerates grading at base into a dense, gray, thin-bedded lime- 
stone. Collections 22/s at base; 22/sl at 50 


Columnar limestone: a very dense, dirty white massive limestone appear- 
ing in the outcrop as adjoining vertical columns 6 to 8 inches in 
diameter; limestone fossiliferous but specimens obtainable only on 
weathered surface; thick bed of greenish flat-pebble conglomerate at 


base. Collections 22/r at base; 22/rl at top..................020008s 495 
Limestone and pebble conglomerate: greenish, flat-pebble conglomerate 

interbedded with dense, gray, thin-bedded limestones................ 62 
Shale: gray-green, thin-bedded shales, baked hard and black at the base 226 
Dacite sill: varying in thickness along outcrop........................ 168 


Shale: gray-green and dark green thin-bedded shales intercalated with 
a few thin-bedded brown sandy shales, containing brachiopods. Col- 
lections 22/n and 22/p, 20 to 25 feet above base...............+..0:- 741 


Total thickness (excluding dacite sill)........................ 258.99 
Maurice formation 
Thick-bedded, medium grained, crystalline limestone 


the pebble conglomerates are, within the southern Montana basin of 
deposition, readily distinguishable from those in the Grove Creek and 
the Maurice. The Grove Creek is characterized by conglomerates almost 
entirely composed of well-rounded, greenish-coated limestone pebbles 
with very little or no limestone matrix. The Snowy Range possesses & 
typical flat-pebble conglomerate. The pebbles are of dense gray lime- 
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stone, with or without greenish coating. Their edges are worn and 
smooth, but practically never have they lost the distinctive flat, two- 
dimensional proportions. About two-thirds of the pebbles show an 
orientation more or less parallel to the bedding planes, and the pebbles 
rarely constitute more than 50 per cent of the bed and at times are dis- 
tinctly subordinate to the fossiliferous crystalline limestone matrix. 

The character of the contact with the overlying Grove Creek forma- 
tion has already been discussed under that formation. The lower con- 
tact is marked by a sharp lithologic change from the sandy shales and 
sandstones of the Snowy Range to the limestone of the Maurice. Such 
a contrast clearly implies a marked change in the relations of land 
and marine areas of this region between the two times of deposition. 

The large variation in the thickness of the formation is believed to be 
due entirely to local variations in the amount of clastic material, since 
all except the uppermost fossil zone are consistently present throughout 
the area. This upper zone—the Lower Dikelocephalus zone—has been 
found only in the Mill Creek section, where the uppermost beds of the 
formation are especially well exposed and accessible. Fossils are prob- 
ably present in this unit in the other sections but have not been ob- 
tained there because these beds are generally covered. 

The Snowy Range appears to be practically the exact time equivalent 
of the Franconia formation of Wisconsin. All faunal zones, the Elvinia, 
Irvingella major, Conaspid, Ptychaspis, Prosaukia, and Lower Dikelo- 
cephalus—with the exception of the Briscoia, which should lie between 
the two last listed zones—have been recognized in the fossil collections. 
Its stratigraphic position, if present, would place the Briscoia zone ap- 
proximately 30 feet from the top of the formation within beds which 
are covered in all sections examined by the junior author, and she does 
not believe that the present lack of evidence can be regarded as con- 
clusively eliminating the presence of this zone in the sections. 


MAURICE FORMATION (DRESBACH EQUIVALENT) 


The Maurice formation, the lowest unit of the Upper Cambrian 
sequence, is named from Mount Maurice, a prominent elevation of the 
Beartooth Front, on the east side of Rock Creek, 5 miles south of Red 
lodge, Montana. The type locality is the section exposed on the south 
side of the valley of the North Fork of Grove Creek, approximately 5 
niles southeast of Red Lodge (Fig. 1; Pl. 5, figs. 1 and 2). The Maurice 
is unusually uniform lithologically throughout the entire region. It 
consists of two well-defined members: an upper unit of approximately 
100 feet of thick-bedded, occasionally odlitic, crystalline limestone, light 
gray to buff with some mottling, and a lower unit of gray-green coarse 
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edgewise flat-pebble conglomerate and gray-green shale. The formation 
averages 175 feet in thickness, with a maximum of 200 feet and a mini- 
mum of 150 feet. This variation in thickness is caused almost entirely 
by a variability in the amount of clastic material in the lower member, 


Section at type locality—N. % NW.% sec. 36, T.8 S., R. 20 E. 


Snowy Range formation 
Gray-green shale and white, thin-bedded sandstone 
Maurice formation 
Limestone: white, medium- to coarse-grained, very fossiliferous. Collec- 


Limestone: massive-bedded, arenaceous, coarsely crystalline, light-gray 
mottled with yellow; surfaces showing mud cracks and mud patches 

Limestone: thick-bedded, light-gray, medium to coarsely crystalline, 
weathers a pale buff; filled with trilobite fragments and specimens of 


large red or green Hyolithes. Collection 31/7 at top................... 15.0 
Limestone: highly arenaceous, medium-bedded, yellow crystalline lime- 


Limestone: light gray-green, medium to coarsely crystalline, odlitic, 
medium-bedded limestone; weathers a pale buff; a few thin lenses and 
beds of pale gray-green, thin-bedded shales, and greenish flat-pebble 
conglomerate. Collection 31/7a, 12 feet above the base. Fossils scattered 

Limestone: pink and gray mottled, crystalline limestone with a pronounced 
sugary texture, intercalated with lenses of a white, coarsely crystalline, 
extremely fossiliferous limestone (a coquina of trilobite cranidia and 


Limestone: greenish to gray and buff, medium to coarsely crystalline, 
odlitic, occasionally mottled limestone; fossils scattered throughout... 25.0 


Pebble conglomerate and shale: gray-green, coarse edgewise flat-pebble 
conglomerate in thick irregular beds and lenses intercalated with thin- 
bedded, gray unfossiliferous shales and gray, platy, fine-grained lime- 


stones. Collections 31/8 at top; 31/8a, 10-20 feet from base........... 50.0 
Park shale 
ape sandy shales intercalated with 1-inch beds and lenses of lime- 
stone 


The upper limestone member of the Maurice is consistently cliff-form- 
ing and has been referred to frequently in the literature as the “Gallatin 
cliff.” The distinctive feature of these limestones is the marked de- 
velopment of small odlites, which may occur segregated in thin beds 
or lenses or may be liberally scattered through the crystalline limestones. 
Although it can always be observed in one or more beds of this member, 
the mottling is much more subdued (in pale pink, buff, and light gray) 
than in the limestones of the same age in the sections in Nixon Gulch 
and the south end of the Bridger Range, Montana. Flat-pebble con- 
glomerates are few and poorly developed in this unit, as the pebbles are 
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Figure 1. Snowy RANGE ForMATION 
Columnar limestone of the Irvingella major zone. 


Ficure 2. Snowy RANGE ForMATION 
Close-up of columnar limestone. 


BEARTOOTH BUTTE SECTION 
(Photographs by C. Lochman) 
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Ficure 1. Lower OF Maurice ForMATION 
(a) Approximate contact with covered Park shale 
(b) Level of dense limestone figured below 
(c) Top of lower member of Maurice 
(d) Lower portion of cliff-forming upper member 


Ficure 2. Lower MEMBER OF Maurice FoRMATION 
Patch of coarse .edgewise pebble conglomerate in dense limestone. 


BEARTOOTH BUTTE SECTION 
(Photographs by C. Lochman) 
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always subordinate to the crystalline limestone matrix. The yellow 


arenaceous limestone beds near the top in the type section are apparently 
the expression of a period of increased clastic deposition affecting only 
the eastern half of the basin, as they are not found in the western 
sections. 

The lower edgewise flat-pebble conglomerate and shale member of the 
Maurice forms a broken slope below the cliff and was, until 1936, regu- 
larly grouped with the underlying Park shale and assigned to the Middle 
Cambrian. It is the only unit of the entire Cambrian sequence in this 
region in which true edgewise flat-pebble conglomerate is developed. 
The pebbles consist of gray dense argillaceous limestone with scattered 
green pellets. They are much coarser than pebbles in other parts of the 
section, averaging 4 inches in length and width by half an inch in thick- 
ness, with the edges only slightly rounded. They lie in masses at all 
angles to the bedding and are cemented by only small amounts of lime- 
stone. In many instances this matrix is quite argillaceous. Lithologic 
variability and irregularity characterize the member. The edgewise 
conglomerates thicken and thin laterally, passing into lenses of thin- 
bedded gray-green shales or into platy gray limestones. There are also 
locally developed beds and lenses of a dense, white, massive limestone 
which is lithologically identical to the columnar limestone of the Snowy 
Range formation but which does not show the columnar structure. This 
phase is best exposed at Beartooth Butte where large patches of edge- 
wise conglomerate are completely surrounded by masses of this lime- 
stone as if they had been deposited in depressions on its surface (Pl. 4, 
fig. 2). The dense limestone is fossiliferous, but specimens can be ob- 
tained only from the weathered surfaces. 

A good exposure of the contact between the Maurice and the over- 
lying Snowy Range is rare because of shale talus from the latter forma- 
tion. The best exposure occurs on the North Fork of Grove Creek, where 
the uppermost limestone of the Maurice is overlain by a 1-foot bed of 
coarse white sandstone. The lithologic change is abrupt, but there is no 
definite evidence of erosion on the upper surface of the Maurice. The 
Aphelaspis zone at the top of the formation varies from 1 foot to over 
12 feet throughout the area, but this variability appears to have been a 
depositional rather than an erosional feature. 

The lower boundary of the Maurice marks the position of the Middle- 
Upper Cambrian contact, but it is never well exposed. Until 1936, when 
the junior author recognized the faunal continuity between the lower 
member of the Maurice and the overlying limestones, this portion of 
the formation had been included in the Park shale and assigned to the 
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Middle Cambrian; the contact was placed roughly at the base of the first 
odlitic limestone of the upper member of the Maurice. The abundance 
of shale close to the contact of the Maurice and the Park causes this 
portion of the section to occur commonly as long, largely talus covered 
slopes which can be easily separated in reconnaissance mapping from the 
upper Maurice above and the Meagher limestone below. The lower 
member of the Maurice is, however, quite distinct and lithologically and 
faunally separable from the Park shale. The latter formation consists 
of gray to greenish arenaceous shales and shaly sandstones, with some 
thin-bedded arenaceous gray limestones and gray pebble limestones 
within the upper 20 to 40 feet. The pebble limestones are quite different 
from the edgewise flat-pebble conglomerates of the Maurice, for they are 
composed of small, well-rounded, dense, white or gray limestone pebbles 
sparsely scattered through a fine-grained, gray, fossiliferous limestone 
matrix. In no section have the authors seen the contact, but in the type 
section its position can be located accurately because of the appreciable 
change in the angle of the slope. The Park forms a nearly flat saddle at 
the head of the valley, but the lower member of the Maurice, held up by 
the resistant edgewise flat-pebble conglomerate, rises abruptly from the 
contact at a 30-degree slope (Pl. 5, fig. 2). Experience has shown that 
this part of the section is rarely completely covered at any one locality, 
so that the contact can be located within 5 feet by an examination of the 
lithology of any limestone outcrops which may occur at this general level 
(Pl. 4, fig. 1). 

The Middle-Upper Cambrian contact throughout the southern Mon- 
tana basin is characterized by a complete absence of any clear-cut 
evidence of a definite physical break in sedimentation between the two 
epochs. This is a feature which it shares with many sections in the 
east-central Montana basin and in the Wyoming basin. However, until 
the Park faunas have been thoroughly studied and correctly placed in 
the known sequence of Middle Cambrian faunal zones, the significance 
of this feature cannot be interpreted correctly. 

The Maurice is the exact equivalent of the Eau Claire member of the 
Dresbach formation of Wisconsin. It carries all three faunal zones: the 
Cedaria, limited to the lower member; the Crepicepialus, throughout 
most of the upper member; and the Aphelaspis, at the top of the uppet 
member. It is quite possible that the lower beds of the Cedaria zone i 
the southern Montana sections represent a slightly earlier time than the 
zone in the Wisconsin section, but, until this zone is studied in detail 
in the West and the assemblages of the subfaunas are accurately de- 
scribed, a sharper zonal correlation cannot be effected. 
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1.—Beartooth Butte. 2.—North Fork of Grove Creek. 3.—Castle Rock on Mill Creek. 
4.—Southwestern side of Bridger Range. 5.—Nixon Gulch. 6.—Wind River Canyon. 
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of the outerops occur in the Gallatin Range and the northwest corner of Yel- 
s: the } lowstone Park. Inclusion of this latter area transfers the Crowfoot 
ighout | Ridge section (Deiss, 1936, p. 1318) from the central Montana basin to 
uppet | the southern Montana basin in which it properly belongs. The unit 
one it | called the Pilgrim by Deiss is the Maurice formation, and that termed 
an the | the Dry Creek shale apparently represents the lower portion of the 
detail } Snowy Range formation. 
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faunal zones and the same faunal assemblages are found in both. The 
major element responsible for the development of different lithologic units | 
in the two regions was the greater distance of the southern basin from | 
the Cambrian mainland. The critical region for studying the relation- 
ship between the basins, as here delimited, lies in the southern part of 
the Bridger Range of Montana (Fig. 1) where the Cambrian section 
is involved in the thrust faulting along the west front of the range, and 
many beds are missing. Unfortunately, no complete sequence of Upper 
Cambrian has yet been found in this region. There is no trace of any 
beds equivalent to the uppermost portion of the Snowy Range and to the 
Grove Creek formation of the south, or to the Dry Creek formation of 
the north. The massive odlitic limestones and pebble conglomerates in 
the lower part of the section are lithologically and faunally identical with 
the Maurice formation; and the few overlying beds which are present 
are not unlike those of the Snowy Range. One badly faulted outerop 
carries an abundance of fossils of the Ptychaspis-Prosaukia zone. The 
authors hesitate, however, to assign the formational terms of either of 
the basins to the Bridger Range sequence until a complete section can 
be discovered, because, although the available portions of the Bridger 
Range section are practically identical with the southern Montana for- 
mations, they are also not unlike equivalent units in the Nixon Gulch 
section (Deiss, 1936, p. 1311-1317), which is the first complete section 
exhibiting central Montana lithologic units adjacent to the southem 
Montana basin. In Nixon Gulch (Fig. 1), although the unit assigned 
to the Pilgrim formation is dominantly a massive, mottled, oGlitic lime- 
stone, rather than the typical thin-bedded shales and edgewise flat-pebble 
conglomerates, nevertheless the uppermost beds of the sequence are of 
typical Dry Creek lithology, though the base of the Dry Creek in this 
section contains many more limestone beds than at the type section. 
Therefore the authors follow Deiss in referring this locality to the central 
Montana basin; they wish, however, to call attention to the marked tran- 
sition in lithology of the Upper Cambrian beds in this border-line see- 
tion—a feature which might well have been postulated on the basis of 
the faunal unity of the two basins, but which is also completely sub- 
stantiated by lithologic evidence. 

From the Madison Range westward the Upper Cambrian is too poorly f 
known to warrant any discussion of its correct relationships. In the P 
summer of 1938 the junior author examined Cambrian sections of the 
Philipsburg quadrangle at two localities—in the vicinity of Princeton, 
Montana, and near the head of Rock Creek, southwest of Philipsburg. 
There are many good exposures of Cambrian rocks, but at neither locality 
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could a complete section be obtained, and the contact metamorphism, 
so widespread in this region, has apparently destroyed all the fossils in 
many horizons. It was found, however, that the three formations recog- 
nized by Emmons and Calkins (1913, p. 57-65)—the Hasmark, the Red 
Lion, and the Maywood—are lithologically identical to the Maurice, the 
Snowy Range, and the Dry Creek formations. Beds near the top of the 
Red Lion contain faunas of the Briscoia and the Prosaukia zones, and 
species which probably represent the Lower Dikelocephalus zone have 
recently been described by Kobayashi (1935, p. 41) from the same forma- 
tion. The authors would point out the lithologic and faunal relations of 
this rather isolated western Montana Upper Cambrian sequence and call 
attention to the fact that here again, as in the Nixon Gulch section, 
the lower portions of the section have affinities with the southern Mon- 
tana basin, whereas the highest beds—the Maywood formation—appear 
lithologically identical to the Dry Creek formation of the central Mon- 
tana basin. Considering the status of knowledge at the time, Emmons 
and Calkins (1913, p. 63-68) arrived at fairly accurate conclusions as 
to the age of these formations, but their correlations were hampered by 
the fact that they used only Weed’s sequence from central Montana for 
comparison. The junior author was also able to substantiate by fossil 
evidence the Middle Cambrian age of the Silver Hill formation, so that 
the most radical change now made is the allocation of the Maywood to 
the Upper Cambrian. A renaming of the Philipsburg Upper Cambrian 
sequence is not proposed at the present time, as the field work revealed 
that the formations as defined by Emmons and Calkins are not the 
exact equivalents of those in the south and east, owing to boundary 
overlaps, and a satisfactory revision of the sequence requires more litho- 
logic and faunal data. 

The relationship of the southern Montana formations to the Upper 
Cambrian sequence in Wyoming was studied; these units are recognizable 
along the southeast front of the Absaroka Range as far as the Shoshone 
valley, where they have thinned markedly (Parsons, 1939, p. 2). South- 
east of the latter region the Paleozoic rocks are missing as far as the 
Owl Creek Mountains. At the one section in these mountains—that in 
the Wind River Canyon (Fig. 1)—which has been studied in detail, the 
recognized units are identical lithologically and faunally to those of the 
southern Montana basin. However, the sections described by Miller 
(19386, p. 123) from other localities in the Owl Creek and Wind River 
Mountains, and personal communications from geologists now working 
in these regions, suggest that to the westward a well-defined three-fold 
division may not be recognizable and that a single limestone unit com- 
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and to recognize the lithologic units comparable to the southern Mon- 
tana formations as members of the same names (Deiss, 1938, p. 1091- 
1105). It is quite probable that further detailed field work in the Owl 
Creek Mountains will show that this area is transitional between the 
southern Montana basin and the Wyoming basin proper. At present it 
is considered most logical to place it in the Wyoming basin. 

In the Bighorn Mountains of eastern Wyoming, the Upper Cambrian 
strata are not lithologically divisible, nor is there the slightest resemblance 
to the southern Montana lithic units. In a revision of this section Meyer- 
hoff and Lochman (1938, p. 285) proposed tentatively to retain for the 
Upper Cambrian the name Deadwood formation, first used in this region 
by Darton (1906, p. 23-26). Future field work in the southern Bighorn 
Mountains and the adjoining Bridger Range of Wyoming may reveal a 
closer connection with the central Wyoming Upper Cambrian sequence 
than with that of the Black Hills. In that case the term Boysen forma- 
tion should be adopted for the Upper Cambrian in the Bighorn Mountains. 


SUMMARY 


The three formations proposed in this paper comprise the Upper Cam- 
brian section of the southern Montana basin. The outcrops occur princi- 
pally along the flanks of, and in isolated patches within, the Beartooth 
and Snowy Mountains. 

The uppermost formation—the Grove Creek—carries a Eurekia zone 
fauna and is correlated with the Trempealeau formation of Wisconsin. 
The underlying Snowy Range formation contains six distinct faunal 
zones; in descending order, these are the lower Dikelocephalus, the Pro- 
saukia, the Ptychaspis, the Conaspid, the Irvingella major, and the 
Elvinia. It apparently is the exact time equivalent of the Franconia 
formation. The lowest formation—the Maurice—contains two members, 
the upper one carrying the Crepicephalus and the Aphelaspis zones, and 
the lower one the Cedaria zone. It is directly correlatable with the Eau 
Claire member of the Dresbach formation of Wisconsin (Fig. 2). 

It is not possible to include faunal lists for the different zones in this 
paper as practically none of the species from this region has been de- 
scribed, and it will be several years before the junior author completes 
the descriptions of these faunas. 
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ABSTRACT 


Statistical grain orientation studies of two unmetamorphosed ripple-marked sand- 
stones, a ripple-marked quartzite, and four pseudo ripple marks show that a dis- 
tinction between ripple marks and pseudo ripple marks can be made from fabric 
characteristics even when field data are equivocal. Some of these pseudo ripple 
marks had been previously interpreted as ripple marks. 

Quartz diagrams were prepared for all the rocks, and mica diagrams for those 
that contained mica. Without exception, the axes of the pseudo ripple marks are 
important fabric directions, both for mica and quartz. The ripple-mark axes are 
also principal fabric directions for mica, but there are important and easily recog- 
nizable differences between the arrangement in the ripple marks and pseudo ripple 
marks. Quartz orientation in the ripple-marked sandstones may or may not 
be significant, but it is radically different from that found in the pseudo ripple marks, 

The origin of each pseudo ripple mark is discussed briefly. 


INTRODUCTION 


In the study of folded and metamorphosed sedimentary rocks there are 
many structural elements that are important in solving complicated 
relationships and deducing the geologic history of a region. It is well 
known that secondary structures may closely resemble primary sedi- 
mentary features—so closely, in fact, that well-trained geologists may 
be unable to agree from the field evidence upon the origin of a given 
feature. Any microscopic criteria or fabric criteria, therefore, that will 
serve to distinguish between such features, or that can locate elements 
(such as fold axes) when they cannot be determined in the field, should 
prove of value in structural interpretations. 

Perhaps the commonest example is the problem of distinguishing with 
certainty between bedding and secondary s-planes in metamorphosed 
sedimentary rocks. Less frequently encountered, but no less important 
in certain interpretations, are other distinctions: between cross-bedding 
and s-folds, between concretions and fossils, between elongate fillings of 
joint intersections and fossils, between ripple marks and drag folds of 
similar size, and between color-streaking in sedimentary rocks and 
secondary lineations in metamorphic rocks. 

This paper has to do with the distinction between ripple marks and 
features of metamorphic rocks that can be confused with them—that is, 
“pseudo ripple marks.” The following groups of specimens have beet 
studied: (1) Unmetamorphosed ripple-marked sandstones, (2) ripple- 
marked quartzite, (3) pseudo ripple marks in quartzite and schist, and 
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(4) fluted vein quartz. Grain orientation diagrams were prepared for 
each of the specimens, quartz diagrams for all of them, and mica diagrams 
for those that contained mica. 


RIPPLE-MARKED SANDSTONE AND QUARTZITE 


(1) Moenkopi sandstone——Two specimens of undoubted ripple marks 
in sandstones that have not been subjected to regional metamorphism 


(ox 
VA 
>30-16-8-4-1-0 
Fiaure 1—300 c-azes of quartz grains Ficure 2—200 normals of muscovite 
from Moenkogi sandstone flakes from Moenkopi sandstone 
8, = bedding plane. Ra = ripple-mark Small sketch in center represents entire area 
axis. Numbers are percentages of all quartz of thin section. (X %). 


axes measured that fall on one per cent of 
area of projection sphere. 


were studied. The first of these is from 100 feet below the top of the 
Moenkopi formation in Davis Canyon, southeastern Utah, furnished by 
A. A. Baker, U. S. Geological Survey. The quartz diagram from this 
specimen (Fig. 1) shows essentially random orientation, since the areas 
of maximum concentration of the quartz axes show only 3 per cent of 
the axes falling on 1 per cent of the area of the projection sphere, and 
the areas showing minimum concentrations (blank spaces in the dia- 
gram) are small in extent. There is a faint suggestion that the c-axes 
of the quartz tend to lie parallel to the ripple axis rather than in any 
other position. This orientation would be expected if the grains tend to 
be elongate parallel to the c-axis and if the elongate grains are rolled 
along with their long axes normal to the direction of motion as they are 
deposited. (See Wayland (1939) for a discussion of elongation and 
optical orientation of quartz grains in sandstone.) 

Of the 300 grains measured, 100 were on the ripple-mark surface and 
the other 200 were measured along lines normal to the bedding in two 
separate partial diagrams. All three partial diagrams were very similar. 
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In contrast to quartz, the muscovite in the Moenkopi sandstone (Fig. 
2) shows a high degree of preferred orientation. The maximum is not 
normal to the “average” bedding plane but to the gentle back slope of 
the ripple marks. The important thing to notice is that the mica flakes 
are not distributed uniformly along the ripple marks but are concen- 


Ficure 3.—200 c-azes of quartz grains Ficure 4—400 c-ares of quartz grains 
from surface of ripple mark in Min- from Minnelusa sandstone 
nelusa sandstone 


trated largely in the troughs and the lower parts of the back slopes. 
This is indicated diagrammatically in the small sketch in the center of 
Figure 2. 


(2) Minnelusa sandstone—The other unmetamorphosed sandstone 
specimen is from the Minnelusa sandstone, northern Black Hills, Wy- 
oming. This specimen was furnished by W. W. Rubey, U. S. Geological 
Survey. From this specimen four partial diagrams of 100 grains each 
were prepared: two from grains on the surface of the ripple mark (which 
were added together to give the diagram of Figure 3), one along a line 
parallel to the bedding, and one normal to the bedding. The 200 grains 
on the ripple-mark surface (Fig. 3) show just enough preferred orientation 
to suggest that there is a tendency for the c-axes to lie in the bedding, 
with the highest concentrations subparallel to the ripple-mark axis. 
However, the axis itself lies in an area of minimum concentration, which 
may indicate that the shape of the grains was controlled by rhombohedral 
cleavage as suggested by Griggs and Bell (1938), since the principal 
maximum is between 30 and 40 degrees from the ripple-mark axis. When 
the other 200 grains are added, the nonselective diagram (Fig. 4) shows 
random orientation. The question of preferred orientation of mineral 
grains in sedimentary rocks is one on which very little work has been 
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done. These few quartz diagrams (Figs. 1, 3, and 4) tell very little about 
the subject, but they do show one thing that is significant in a comparison 
of the fabrics of ripple marks and pseudo ripple marks: If there is pre- 
ferred orientation of the quartz grains in any part of the rocks, the c-axes 
tend to lie in the bedding and to be parallel to the ripple-mark axes, 


Ficure 5.—300 quartz axes from the 
specimen of Baraboo quartzite shown 
in Figure 1 of Plate 1 


RM = axis of ripple mark on top of 
specimen; RM’ = axis of ripple-mark cast 
on bottom of specimen. 


rather than to form a girdle normal to the ripple-mark axes. (Compare 
Figures 7, 11, 12, and 14, which show quartz orientations in pseudo 
ripple marks.) 


(3) Baraboo quartzite—One undoubted example of a ripple mark in 
quartzite has been studied. It is from the Baraboo quartzite, Wisconsin, 
ad was obtained through the courtesy of J. T. Stark, Northwestern 
University. The hand specimen is a block about a foot long and two 
inches thick (Pl. 1, fig.1). On the upper surface is a set of ripple marks; 
m the lower, the cast of another set. The two bedding planes are 
parallel, but the two sets of ripple-mark axes intersect at an angle of 
18 degrees. 

The field orientation of the specimen is unknown, so the thin section 
was cut normal to the axis of the ripple mark on the upper surface. 
Three partial diagrams of 100 grains each were prepared: one from grains 
on the surface of the ripple mark, and the others from different traverses 
normal to the bedding. The three are very similar, each showing a girdle 
through the upper left and lower right quadrants and a marked minimum 
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in the other quadrants. Figure 5 is the collective diagram of all 300 
grains. The areas of maximum concentration of the quartz axes are only 
3 per cent, but the consistency of the partial diagrams from different 
parts of the thin section makes it probable that the girdle is significant. 
It is evident that the girdle is not normal to either ripple-mark axis, 


Ficure 6—Poles to the cleavage planes Ficurp 7.—200 quartz axes from the 
of 250 muscovite flakes from specimen same specimen as Figure 6 
of drag-folded Baraboo quartzite B = B-axis of the fabric = axis of folding. 


shown in Figure 2 of Plate 1 


Small sketch in center represents entire area 
of thin section. (X %). 


nor is it normal to the bedding. Commonly, such a girdle is normal to 
the axis of folding, but in this case the line normal to the girdle does 
not lie in the bedding. The significant feature is that the quartz girdle 
is not related to either ripple-mark axis but apparently to some structural 
element in the rock whose nature is not evident from the unoriented 
specimen. 

PSEUDO RIPPLE MARKS 


(1) Drag folds in Baraboo quartzite—In the Baraboo quartzite there 
are zones of drag folds that on weathered surfaces look much like the 
above-described actual ripple marks. When the material is broken, 
however, its folded nature is at once apparent, as shown in Figure 2 of 
Plate 1. 

A thin section was cut normal to the fold axis, and muscovite and 
quartz diagrams were prepared (Figs. 6 and 7). Each diagram shows a0 
incomplete girdle normal to the fold axis. This arrangement would be 
expected of the muscovite, because more flakes lie along the limbs than 
on crests and in troughs, owing to the sharpness of the folds. Experience 
has shown that in folded rocks the c-axes of the quartz grains also have 
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a tendency to form a girdle about the fold axis. Therefore, the quartz 
diagram is also the type to be expected in such a rock. 


(2) Drag folds in Archean of the Grand Canyon.—Maxson and Camp- 
bell (1934) described what appeared to be a ripple mark from the Archean 


Ficure 8—Poles of 96 biotite flakes 

from surface of crenulations of Ar- 

chean schist specimen of Figure 3 o} 
Plate 1 


S, = plane of contact of schist and quartzite 
layers, which is probably original bedding 
plane. B = axis of plications = axis of fold- 
ing. 


of the Grand Canyon. Since that time some question has arisen as to 
whether this structure is really a ripple mark or whether it may be 
merely small drag folds. Maxson and Campbell suggested that a 
petrofabric analysis might yield a definite answer and they permitted a 
thin section to be made from the hand specimen shown in Figure 3 of 
Plate 1. 

The thin section was cut normal to the axis of the plications and 
shows, as does the hand specimen, that there are two distinct layers in 
the specimen: (1) a schistose layer to which the crenulations are con- 
fined and (2) a more massive layer. The sketch in the center of Figure 
8 shows these relations diagrammatically; the mica flakes follow the 
surface of the crenulations, form more gently undulating lines between 
this surface and the quartzite layer, and in the quartzite the lines of 
mica are almost straight. 

Three partial biotite diagrams were prepared from the section: (1) 
for the layer of flakes adjacent to the surface of the crenulations, (2) 
from the flakes in the undulatory layers between the surface and the 
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quartzite, and (3) from the flakes in the quartzite. These partial dia- 
grams were not added together but are reproduced individually in Figures 
8 to 10. The one from the surface layer shows an almost complete girdle 
normal to the “ripple-mark” axis, and the other two show less complete 
girdles in the same position. These biotite diagrams from the Archean 


> 22°14-8-2-1-0 


Ficure 9.—Poles of 100 biotite flakes Ficure 10.—Poles of 100 biotite flakes 
from part of Archean specimen be- from quartzite layer of Archean speci- 
tween crenulations and quartzite layer men of Figure 3 of Plate 1 


specimen are quite similar to the muscovite diagram from the Moenkopi 
sandstone, except that the ones from the schist layer have a much more 
nearly complete girdle. Another important difference is that all the 
biotite diagrams have their maxima essentially normal to the s-plane. 
An important difference in fabric that does not show up in the diagrams is 
that in the Archean specimen the mica flakes are uniformly distributed 
around the plications (Fig. 8, center) whereas in the Moenkopi sandstone 
they are largely confined to the troughs (Fig. 2). 

There was almost certainly no biotite present in the original sediment, 
but it can be argued that any flaky (clay) mineral present would tend to 
lie parallel to the surface of the ripple mark and that the orientation of 
the biotite might be controlled by the original flaky material, giving 
merely by crystallization essentially the orientation found, without as- 
suming a fold axis parallel to the axis of the crenulations. 

It is unlikely that this manner of control would produce such uniform 
distribution as that observed. If it did, there is the further remarkable 
coincidence that the girdle axis is common to the two layers. This is 
to be expected in the case of folding, but not of a relict sedimentary 
fabric. 
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Ficure 3. SPECIMEN OF ARCHEAN SCHIST (UPPER LAYER) AND QUARTZITE (LOWER PART OF SPECIMEN) 
FROM THE GRAND Canyon. ( X %) 


RIPPLE MARK AND PSEUDO RIPPLE MARKS 


a- 
Ficure 1. RipPLe-MARKED SPECIMEN OF BARABOO QUARTZITE (xX) = 
ne. 
‘is . 
ed Ficure 2. SPECIMEN FROM ZONE OF DRAG FOLDS IN BARABOO QUARTZITE. ( X 4) <n 
ne 2 
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Ficure 2. CROSS SECTION OF SPECIMEN OF FiGure 1. 
Bedding is from upper right to lower left. Shear zone parallels lower surface in picture. 
“Ripple marks” do not show up well because the cut was not normal to their axis but to 
the bedding. 4). 


Ficure 3. FLUTED QUARTZ SPECIMEN FROM ALABAMA Mine, CALiForniA. (X 


PSEUDO RIPPLE MARKS 


Fig 
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The quartz fabric is even more positive in its indications, because 
quartz orientation in the original rock was in all probability essentially 
random. The quartz orientation diagrams from the two parts of the 
rock, however, show well-developed girdles normal to the axis of the 
erenulations (Figs. 11 and 12). The principal maxima are in the same 
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Ficure 11.—200 quartz azes from schist Ficure 12—200 quartz azes from 
layer of Archean specimen quartzite layer of Archean specimen 


position in the two diagrams, making the fabric practically identical in 
the two parts of the rock. 

This identity of quartz and mica fabric in the quartzite and schist, with 
the axis of all the girdles coinciding exactly with that of plications, 
leaves no doubt that the axis is one of folding. 

Maxson and Campbell recognize the fact that the symmetry and the 
tatio of wave length to amplitude are such that the crenulations cannot 
be unmodified ripple mark. The fabric indicates that such modification 
would have had to be brought about by folding in which the axis of 
folding coincided almost exactly with the axis of the ripple mark. The 
fabric evidence is that the plications are in all probability small drag 
folds and not modified ripple mark.1_ Their position between a massive 
quartzite layer and a relatively weak schist is exactly where such folds 
would be expected. 


(3) Weisner quartzite—Another type of pseudo ripple mark from 
the Weisner quartzite, Bartow County, Georgia, is shown in Figures 1 and 
2of Plate 2. The specimen was supplied by T. L. Kesler, U. 8. Geological 
Survey. At first the feature was mistaken for ripple mark (PI. 2, fig. 1), 


1Maxson and Campbell (1939) revisited the locality after the results of the petrofabric analysis 
Were submitted to them. They exposed a larger area of the crenulated quartzite layer by blasting 
and concluded that this new field evidence supports the interpretation of the crenulations as small 
drag folds. 
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but closer examination showed that it was in a shear zone that formed a 
considerable angle with the bedding (PI. 2, fig. 2). 

The field relations gave no clue as to the position of an axis of folding 
or as to the direction of motion in the shear zone, so the thin section was 
cut normal to the axis of the pseudo ripple mark. 


Se 


>(15-11) -8-4-2-1-0 


Ficure 13.—Poles of 100 muscovite Ficure 14—200 quartz axes from 

flakes from specimen of Weisner specimen of Weisner quartzite shown 

quartzite shown in Figures 1 and 2 of in Figures 1 and 2 of Plate 2 
Plate 2 


S, = bedding; S, = shear zone. 


The mica diagram (Fig. 13) shows little beyond the fact that the mica 
flakes are largely parallel to the shear zone. It does not give conclusive 
evidence as to which is the a and which the b fabric direction in the rock. 
There is a spread of the contours toward the center of the diagram about 
10 degrees greater than around the periphery, indicating that probably 
the B-axis lies on the periphery of the diagram and hence is normal to 
the axis of the pseudo ripple mark rather than parallel to it. This sug- 
gestion is amply confirmed by the quartz diagram (Fig. 14), which 
shows a well-defined girdle normal to the shear zone and including the 
axis of the pseudo ripple mark. This indicates that this feature is not 
parallel to the axis of folding but is normal to it and parallel to the 
a-axis of the fabric and hence to the direction of motion during deforma- 
tion. Kesler says that this interpretation fits well with his ideas con- 
cerning the tectonics of the area. The markings may be a Rillung 
(Sander, 1930). 

In each of these cases, then, the axis of the pseudo ripple mark is 
parallel to an important fabric direction: B in the case of the drag fold 
and a in the case of the Rillung. 
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(4) Fluted vein quartz—The last example of a pseudo ripple mark 
js not in a sedimentary rock. It is a platy, fluted piece of vein quartz 
from the Alabama Mine, California, furnished by Rollin Farmin, 
Idaho Maryland Mines Corporation. The specimen is layered like 
a thin-bedded quartzite, and the surface flutings are of such size and 
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Ficure 15.—Azes of 200 large quartz 
grains from fluted vein quartz, Ala- 
bama Mine 

Thin section normal to fluting. 


Ficure 16—Azes of 150 large quartz 
grains from fluted vein quartz, Ala- 
bama Mine 


Thin section normal to layering and parallel 


to fluting. 


symmetry that they resemble ripple marks. (See Figure 3 of Plate 2.) 

A thin section was cut normal to the lineation which, on close examina- 
tion, appears to be a slickenside, and another one parallel to the lineation 
and normal to the platy structure. Study of these sections reveals 
layers of relatively coarse quartz (up to 2 mm.) separated by veinlike 
layers of finer quartz (up to 0.4 mm.; average about 0.1 mm.) in which 
there are numerous sericite flakes. The little veinlets are approximately 
parallel to the fluted surface, but in places they penetrate the layers of 
coarse quartz. 

The orientation of the specimen in the vein is unknown, so again the 
fabric can be studied only in relation to the hand specimen. Figure 15 
isa diagram prepared from the coarse quartz in the thin section normal 
tothe lineation. The principal concentration of c-axes is only 12 degrees 
from the lineation, and the largest submaximum is only 15 degrees 
from it. The maximum concentration is over 8 per cent, and the bunching 
of the contours shows a much stronger preferred orientation than any 
known for quartz in a sedimentary rock. However, a sedimentary rock 
having a texture resembling this one would have been recrystallized and 
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might show such preferred orientation, although quartz maxima in many 
tectonites do not exceed 4 per cent. 

Figure 16 is a diagram from the coarse quartz of the thin section 
parallel to the lineation. Rotation to the position of Figure 15 would 
place the maximum near the center and the minimum around the 


« 
Ficure 17.—Azes of 200 small quartz Ficure 18—Normals to 200 sericite 
grains from veinlet in fluted quartz flakes from veinlet in fluted quartz 
Thin section normal to fluting. Thin section normal to fluting. 


periphery. This shows that the quartz fabric is homogeneous for the 
hand specimen. 

The meaning of this orientation cannot be clear from the hand specimen 
alone. Such orientations are known along slickensides in mylonites. 
However, in this specimen the preferred orientation is not confined to the 
layer near the slickensides but is uniform throughout. Moreover, the 
quartz grains are not granulated at all, and very few of them show even 
slight strain shadows. The texture appears to be one of deposition. 
Therefore, the fabric may be a primary one due to growth, although these 
data do not exclude a deformation fabric. Just what controlled it can- 
not be determined in the absence of more field data. 

Figure 17 is a diagram from the fine-grained quartz of the veinlets in 
the thin section normal to the lineation. The maximum coincides almost 
exactly with that of Figure 15. However, it is only 6 per cent, and the 
contours are spread more widely. Probably the same control operated 
during the deposition of both generations of quartz but was less rigorous 
during the later stages. 

The sericite flakes (Fig. 18) form a girdle about the lineation. This 
is to be expected since the flakes appear to lie on the flutings, both on 
the surface of the specimen and in the veinlike layers within it. 
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CONCLUSIONS 


CONCLUSIONS 


(1) Unmetamorphosed ripple-marked sandstones show little or no pre- 
ferred orientation of the quartz grains. The diagrams thus far prepared 
indicate that if there is any preferred orientation the c-axes of the quartz 
tend to lie parallel to the ripple-mark axes rather than to form a girdle 
normal to them. 

(2) Preferred orientation in metamorphosed ripple marks is related 
to the deformation that produced metamorphism rather than to the ripple- 
mark axes. 

(3) In pseudo ripple marks in metamorphic rocks the fabric is related 
directly to the axis of the pseudo ripple mark—. e., the axis is an im- 
portant fabric direction. It may be (a) the axis of folding or (b) the 
direction of motion. 

(4) Mica fabrics may be very similar in ripple-marked sandstone and 
in pseudo ripple marks. The following differences obtain in the specimens 
that have been studied: 


(a) Girdles from pseudo ripple marks are much more nearly complete and show 
lower maximum concentrations than those from ripple marks. 


(b) The fabric in pseudo ripple marks is more nearly symmetrical with respect 
to the “average s-plane” than it is in ripple marks. 


(ce) The distribution of mica in pseudo ripple marks is uniform—ée., it occurs on 
crests and flanks and in troughs of folds, whereas in ripple marks the mica is largely 
confined to the troughs and lower parts of the back slopes. 
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ABSTRACT 


The paper is based on material obtained from 12 localities in Park, Chaffee, Eagle, 


Pitkin and Costilla counties, in Central Colorado. _— eee 
The algal deposits include nodular masses, small “biscuits,” pisolitic limestones, 
compact, irregularly bedded limestones, and rounded colonies. Fourteen types were 
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recognized, ten of which are new. They were named and described on the basis of 
form genera and form species. 

Each form species may have represented several biologic species which lived jp 
constant close association. They were probably deposited faker by blue-green algae 
assisted by some green algae in the relatively shallow water of seas and lagoons, 

The present work shows that some of the form genera had a wide geographic range 
and persisted through definite portions of the Pennsylvanian Y age It also shows 
the important work of these lowly plants as limestone builders during the Penn- 


sylvanian. 
INTRODUCTION AND ACKNOWLEDGMENTS 


Algal limestones occur in the Pennsylvanian formations of Colorado 
and adjoining states. Locally they constitute an appreciable portion of 
the deposits and form distinctive horizons which are easily recog- 
nized. Until recently they have been practically unnoticed by geologists, 
only a few brief items mentioning them appearing in the geologic litera- 
ture of Kansas and Colorado. (Twenhofel, 1919; Gould, 1935; J. H. 
Johnson, 1936.) 

Field work by the author has shown the widespread occurrence of 
algal deposits in the Pennsylvanian of central Colorado at several strati- 
graphic horizons. Locally they have developed sufficiently to form lime- 
stone beds. It is believed that they will prove to be of value as local hori- 
zon markers and that they may give considerable information concerning 
the conditions of deposition of the sediments. Similar studies by French 
and English geologists on the algal deposits of other periods have thrown 
much light on the stratigraphy, sedimentation, and ecological conditions 
in certain areas. (Garwood, 1931; Garwood and Goodyear, 1919; Der- 
ville, 1930 and 1931.) 

The materials on which this paper is based were collected between 1930 
and 1937, partly as a by-product of other investigations and partly asa 
result of direct search. Approximately 1200 specimens and 200 thin 
sections were studied. 

The type and figured specimens are in the writer’s collection at the 
Colorado School of Mines. A suite of paratypes has been given to the 
U.S. National Museum. 

Mr. Don B. Gould (1935) of Colorado College discovered three of the 
localities while making stratigraphic studies of the Salt Creek area; the 
writer discovered the others. 

The completion of these studies was made possible by a grant from 
the Penrose bequest of the Geological Society of America. The writer 
wishes to thank Drs. Francis Ramaley of the University of Colorado and 
R. W. Brown of the U. 8S. Geological Survey for valued suggestions and 
criticisms, Mr. Hugo Rodeck of the Natural History Museum of the 
University of Colorado for photographing the specimens used as illustra- 
tions, and the Colorado School of Mines for the use of laboratory facili- 
ties and equipment. 
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GEOGRAPHICAL DISTRIBUTION 


The following list and the accompanying map (Fig. 1) show the locali- 
ties where algal limestones have been found in the Pennsylvanian rocks 
of Colorado. 


QEWER 
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4 Ca 
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12° 
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Ficure 1.—Index map 


Localities 
1 Trout Creek Pass Chaffee Co. Sec. 22, T. 13S, R. 77 W. 
2 Trout Creek Pass Chaffee Co. Sec. 21, T. 13S, R. 77 W. 
3 Mule Shoe Gulch Park Co. SW XS. 11, T. 138, R. 77 W. 
4 Salt Creek Park Co. Sec. 6, T. 13S, R. 77 W. 
5 Sherman’s Ranch Park Co. NE XS. 22, T. 11S, R. 78 W. 
6 Wood’s Cabin Park Co. Sec. 10, T. 118, R. 78 W. 
7 Frying Pan River Eagle Co. Sec. 11, T. 8S, R. 84 W 
8 Lime Creek Eagle Co. Sec. 8, T. 8S, R. 83 W. 
9 Colo. River near Gypsum _ Eagle Co. Sec. 31, T. 48, R. 85 W 
10 W. Fork Express Creek Pitkin Co. Sec. 16, T. 12 8, R. 84 W 
ll Taylor Peak Pitkin Co. Sec. 21, T. 12S, R. 84 W 
12 La Veta Pass Costilla Co. 


Localities 1 to 6 are along the eastern slope of the Mosquito Range 
which forms the western border of South Park; Nos. 7 and 8 are on the 
western side of the Sawatch uplift; Nos. 10 and 11 along the north side 
of the Elk Mountains; and No. 12 in the Sangre de Cristo Range. 


STRATIGRAPHY 


All of the material studied came from the Weber formation (Johnson, 
1934; Gould, 1935) except that at Locality 12 which came from near the ~ 
top of the lower Sangre de Cristo formation (Johnson, 1929). 
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At Localities 7 to 11 the algae occur low in the Weber shale. At the 
other localities they were found at higher horizons, the Trout Creek Pass 
and the Salt Creek localities being rather high. At La Veta Pass (12) 
the specimens were obtained from the upper part of the lower Sangre de 
Cristo formation, an horizon probably considerably higher than the 
Weber formation. 

All were found in shales, mainly black and highly carbonaceous, al- 
though some rock was notably calcareous. 

The following detailed sections show the character of the algal- 
bearing zones at five of the localities. 


Measured Sections 


Section near Trout Creek Pass, on north side of highway about 1% mile west of sum- 
mit of Trout Creek Pass. Measured by J. Harlan Johnson and Don B. Gould, 1933. 


Thickness 
Bed No. Description (Feet) 
57 Sandy shale, gray black, slightly micaceous with a few thin mud- 
56 Impure limestone, gray brown, weathering yellowish; massive. .... 0.7 
65° Gray shale with thin mudstones... 3.8 
54 Calcareous mudstone with shale breaks. Mudstones brownish gray, 
52 Calcareous mudstone, brownish gray, irregular fracture, contained 
25 


49 Black shale. About a quarter of a mile to the northeast this bed 
contains abundant pisolites and small algal crusts. These can be 
seen on the outcrop for at least a quarter of a mile farther to the 
northeast. Stylophycus calcarius also present................... 40 


46 Sandstone, fine-grained, slightly micaceous, dark blue weathering 

43 Algal limestone, thick and massiv e, ‘black weathering. brownish 

gray. Composed of heads of Gouldina magma up to 2 feet across 

and 15 inches thick. Shows structure clearly. Largest heads some- 

times at top, sometimes alone, sometimes at bottom. Along the 

strike the bed can be traced for half a mile. Becomes a pisolitic 

36 Black, papery shales with a few thin limestones 9.5 
35 Limestone. A depositional breccia with flat limestone fragments 

up to 2% feet long in a limy matrix. Fragments weather gray, 

33 Limestone, black weathering brownish 
32 Black and gray shales, becoming calcareous at top...... 99 
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Bed No. Description 

30 Shale, gray, with a few thin lenses of limestone and mudstone. 
Pelecypods (Myalinas) abundant in one of the limestone lenses. . 
29 Pellet limestone, dark gray matrix enclosing numerous small yellow 
and black pellets. Some small algal colonies (one-half to one 
— in the mass. A number resemble blisters on the upper sur- 
Alternating thin limestones and calcareous shales, dark gray........ 
Algal limestone, dark gray weathering brownish. Composed almost 
entirely of large heads of algae (Stylophycus calcarius). Some of 
21 Shale, gray to greenish. Contains a few thin slabs of algal limestone 
2 Limestone, dense black weathering brownish...................... 
19 Poorly exposed. Probably all black, papery shales. A few brain-like 
masses of algae (Artophycus columnaris, up to 4 inches across) 
18 OGlitic limestone, dark gray. Contains numerous small yellow and 
black pellets and small algal colonies........................0.. 

17 Gray limestone. Contains a few small, threadlike masses of algae. . 
15 Algal limestone, dark gray weathering brownish. Composed largely 
of algal material which ranges from large heads down to threadlike 
and shredded material. These surround angular flat pieces of 
blue limestone. The largest heads are at the top. (Stylophycus 
14 Gray shale. Contains occasional brain-shaped colonies of algae 
from 2 to 10 inches across and up to 4 inches thick . (Artophycus 

12 Mudstone, greenish gray weathering tan, blocky.................. 
10 Muddy limestone, dark gray weathering yellow. Contains a few 
pyrite crystals and some black shale pieces. These are flat and 
up to one-half inch thick and 3 inches long. Small algal colonies 
occur at the top of the layer. These are flat rounded forms up to 
one inch in diameter and one-half inch thick................... 
Greenish-gray sandy shale and dark-gray shale.................. 
Limestone with shale streaks. Limestone blue gray weathering 
greenish. Beds about 4 inches thick. Gray shale............ 
Limestone, gray weathering yellowish. Beds irregular up to 6 inches 
thick. Bottom layer suggests a depositional breccia as it contains 
some flat pieces parallel to the bedding. It also contains pyrite 


aon ow 


Limestone, dark gray to black, weathers light gray or a yellow 
gray. Beds average about 6 inches in thickness. The surfaces 
of some beds show well-developed ripple marks about one inch 
across. Some are finely laminated. A few fragments of marine 
invertebrates were observed, mainly brachiopods of the Productus 

Limestone and mudstone, thin bedded, gray...................00. 

Poorly exposed, appears to be gray shale, covered................. 
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Section along South Fork of Salt Creek—SW % Sec. 6, T. 13 S., R. 77 W. 
Measured by J. Harlan Johnson and Don B. Gould, 1933. Be 
Bed No. Description 
39 Sandstones interbedded with sandy shales, greenish gray weathering 
to a brownish gray. Some surfaces ripple-marked. The upper 
layers reach a thickness of 2% feet and are heavily cross-bedded. 
Breaks into lathlike slabs. Sandy shales are gray to black. This 


is bed 1-M of Gould’s original section (Gould, 1935)............ 33.0 
38 Limestone, dark blue gray, fine-grained, weathers a light orange 
37 Shale, black, carbonaceous, papery with interbedded greenish-brown 
sandstones and from one-half to 3 inches in thickness........... 70 
36 Covered. Probably black shale similar to preceding bed........ 12.0 
35 Shales, chiefly black but in places dark blue gray to brown. Papery, 
some layers sparingly micaceous, carbonaceous, slightly fossilifer- I 
ous, yielding ostracods, a few very small pelecypods, plant stems, 
fern fragments, and a ‘few 6.0 
34 Limestone, dark blue gray, in beds from one-half to 2 inches in 
thickness, with interbedded black, fissile, carbonaceous shales in 1! 
layers a few inches thick. Splintery fracture. Small algal masses 
up to 1% inches in diameter and tubular growths up to 1% inches l 
pd occur in some thin, brown limestones at the middle of the ¥ 
32 Shales, dark gray to brownish gray. Calcareous with a few thin, 
blue-gray limestones which weather into chips.................. 6.0 
31 Limestone, dark blue gray with conchoidal fracture, fine-grained. 
Weathers a pale orange buff. In beds from 4 to 6 inches thick... 5.0 1 
30 Alternating limestone and shales. Limestone thin, light to dark 
gray, weathering into small chips. Shales blue gray to black, 
29 Limestone, dark blue gray, fine-grained, splintery fracture. Buff 
color due to weathering penetrates inward for about an inch.... 80 10 
28 Shale, black, becoming somewhat lighter toward the top. Large, 
well-developed heads of algae occur in rounded masses up to a 
foot in diameter. (Stylophycus calcarius). Associated with the 4 
algae are small pellets of limestone and shale and o6litic grains... 3.0 
27 Limestone, dark blue gray, fine-grained, splintery fracture......... 05 
26 Shale, black. papery, slightly micaceous.......................... 10 
25 Limestone, dark blue gray, irregular fracture, fine-grained......... 0.25 
24 Calcareous shales and thin, impure limestones, dark brown to black. 
Large ostracods (?) abundant in the basal layers............... 15 8 
23 Shales, black, carbonaceous, papery, with a few layers composed of 
nodular masses of algal limestone ...................2..--.0005: 73 
22 Limestone, blue gray, fine-grained, conchoidal fracture. Weathers : 


into rounded blocks suggesting nodular structure. Markings re- 
sembling slickensides occur on the sides of the blocks forming 
21 Alternating limestones and shales. Limestones chiefly thin-bedded 
but some are nodular in character forming irregular masses 2 
inches or more in thickness, and containing fragments of limestone 
which apparently represent a depositional breccia. The shales 
bal are black and papery, some of them carbonaceous. A few layers 
Rig become yellowish brown near the top. Sheets of algal limestone 5 
a and scattered small, nodular, algal masses....................-. 50 4 
Shale, black, carbonaceous, becoming more fissile near the top. 
Nonecaleareous. Scattered well-developed colonies of calcareous 
algae. (Stylophycus carbonarius). 70 
Limestone, black, argillaceous. Weathers into conchoidal chips. 
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Description 


“7 ‘Shale, dark blue gray, noncalecareous, weathers into small chips. 


A few thin beds of yellow siltstone occur near the middle......... 


17 Alternating limestones and shales. Limestones up to 10 inches thick. 


10 


o 


on 


or 


Some of the layers consist of a distinct depositional breccia com- 
posed of slightly rounded pieces of light limestone in a darker 
matrix. The pieces consist of flat, angular fragments up to 14 
inches long. The edges are slightly rounded. The limestones 
become more massive toward the top. Some of the bedding planes 
show poorly developed ripple marks. The uppermost layer con- 
tains well developed algal colonies of Cryptozoén coloradensis. 
The algae appear to make up most of the limestone for a thickness 
of 6 to 8 inches in places. Numerous oGlitic grains occur. (This 
is Bed 1-F of Gould’s original section.)...................0000.. 
Shales, dark blue gray, papery. Some layers are buff and non- 
calcareous. The lower portion contains a few layers of impure 
limestone. These limestones contain small fragments of shale and 
Calcareous shale, dark gray. Weathers into small rectangular frag- 
Limestone, black, argillaceous and slightly micaceous. Weathers 
Shales, calcareous, dark blue gray weathering a lighter gray........ 
Limestones, blue gray, weathering light gray. Beds up to 8 inches 
thick separated by dark gray shale. The limestones contain a con- 
siderable amount of odlitic grains associated with small, flat, 
Shales, dark blue gray weathering light gray. Near the top of the 
shale occur thin nodular masses of algal limestone (maximum 24% 
inches thick and 10 inches long). Associated with these colonies 
are masses of fibrous calcite and a few flattened odlitic grains... . 
Limestone, dark blue gray, fine-grained, conchoidal fracture. 
Weathers grayish buff. Contains masses of pyrite from one-fourth 
Black shales interbedded with dark gray to black limestones, 2 to 3 
inches in thickness. Thin layers of odlitic material and thin 
Cryptozo6n masses of algai limestone occur in about the middle 
of the group. These algal limestones have a much finer texture 
than those described below. Associated with the algal masses 
are patches of fibrous, calcareous material and odlitic grains...... 
Shales, calcareous, dark gray weathering to light gray. Blocky, be- 
coming papery and darker near the top. In the lower 1 to 2 
feet of the shale are thin layers of odlitic material............... 
Dark gray limestone, conchoidal fracture........................ 
Algal limestones interbedded with dark gray to black shales. There 
are three distinct layers of the algal limestone which range from 
3 to 8 inches in thickness. They are composed of colonies of 
Leptophycus gracilis. In places these have grown together to 
make up nearly the entire limestone. Elsewhere they are sep- 
arated by calcareous material. On weathered surfaces the algae 
are dark against a light background. The limestones have irregular 
surfaces resulting from uneven development of the colonies...... 
Thin limestones alternating with calcareous shales, dark gray to 
black. Individual limestones up to 3 inches thick. Thin layers 
of odlitic limestone occur. Flattened masses of algal material 
(Leptophycus gracilis) up to 6 inches in diameter and 1% inches 
in thickness occasionally occur in the calcareous shales.......... 
Black shale, becoming calcareous at the top...................-. 
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Bed No. Description (Feet) 

2 Thin limestones alternating with dark gray calcareous shales. Some 
layers contain small pellets of dark shale and limestone surrounded 
by calcareous material and small odlitic grains. A few small 
colonies of calcareous algae (Leptophycus gracilis) were noticed 
scattered throughout the deposit.....................ceceeeeees 105 

1 Limestone, black when fresh, weathers dark gray,’ fine-grained. 
Markings on surface suggestive of small brachiopods and fusulinids 


but no determinable specimens were found...........- 0.25 
Lower Weber formation. Not algal bearing....................... 850.00 


Leadville limestone (Mississippian) 


Section near Wood’s Cabin—Sec. 10, T. 11 S., R. 78 W. Park County, 
Colorado. Measured by J. Harlan Johnson and Don B. Gould, 1935. 


Thickness 
Bed No. Description (Feet) 
Covered 
10 Slabby limestone, dark gray to black with streaks of black shale. 
Ae Some of the limestone layers are irregularly odlitic and some show 
ie flat algal growths of Gouldina carbonaria 4 inches across........ 11.0 
9 Shale, black, slightly micaceous. Some beds calcareous. Contains 
8 Shale, black with streaks of shaly limestone. Gouldina magma 
occur abundantly in the shale as flattened cabbage-like masses, 
locally becoming so abundant as to form irregular limestone 
bees layers. Some colonies range up to 14 inches across and 9 inches 
high. Streaks of oGlitic 29.0 
ee 7 Slabby limestone, black, calcareous shale, some layers odlitic, others 
3 Slabby limestone. Some layers slightly odlitic and showing a few 
flat masses (4 inches across, 1 inch thick) of Gouldina carbonaria. 
Some surfaces rippled. Three to four inch ripples.............. 3.2 
2 Black shales and slabby limestone ....................00ccccenes 84 
Covered 
Section at La Veta Pass, along highway 2.2 miles west of the summit, 
Costilla County, Colorado. Measured by J. Harlan Johnson, 1934. 
Thickness 
Bed No. Description (Feet) 
7 Gray sandstones and sandy 
6 Greenish gray, slightly sandy, calcareous shale. Contains a few 
scattered algal masses one-half to three inches across. (Usually 


4 Greenish gray calcareous shale. Fossiliferous: Bryozoa, Spirifer 
cameratus, Derbya sp., Spiriferina cf. kentuckyensis, Hustedia 
mormoni, small corals, and crinoid stems. Contains rounded 
algal colonies 1% to 2 inches across. Sometimes they are so 
abundant as to make limestone masses. Algae enclose other 
fommis end coat large productids. ..... 6.0 
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Bed No. Description 
ee 

2 Greenish gray calcareous shales, fossiliferous. Bryozoans, crinoid 
stems, small corals, brachiopods and gastropods. Algal colonies 
fairly abundant. They range in size up to 4 or 5 inches, averag- 
ing 1% or 2 inches. Occur as rather flattened rounded masses 
with irregular knobby or vermiform surface.................... 3.6 

1 Gray somewhat calcareous shales, slightly fossiliferous.......... 15.0 plus 

Base of outcrop. 


Section along the west side of Lime Creek Valley. Half a mile up the 
Creek from the Frying Pan River to show character and position of algal 
deposits. (Thicknesses estimated, not measured.) 


Bed No. Description = 
ee 
4 Algal zone. Shales and limy shales with numerous algal colonies 
3 Shales and sandy shales, black to 40.0 


2 Algal zone. Black slates with colonies of Stylophycus radiatus 
occurring abundantly at a number of horizons. These occur as 
nodular colonies and irregular masses in the shale. They are not 


abundant enough to form limestone layers..................... 50.0 
1 Shale, black, fossiliferous. Sandy at base. Some thin calcareous 
streaks and thin impure limestones........................00055 150.0 
Unconformity. 


Leadville limestone (Mississippian). 
ALGAE AND ALGAL DEPOSITS 
BASIS OF CLASSIFICATION 

The following types were observed—(a) simple forms, (b) large 
colonial forms, and (c) smail colonial forms having good microstructure. 
These are described in the following discussion, the simpler types being 
considered first. With the exception of a few microscopic or nearly 
microscopic forms which show good cellular structure, the algae have been 
described and named on the basis of form genera and form species. Each 
of these form species may represent several biologic species or even a num- 
ber of genera and species which lived in constant close association. 

The form genera and species seem to have been sufficiently persistent 
to be recognizable over considerable areas through appreciable lengths 
of time and to have been sufficiently different to be easily separated on 
megascopic characteristics when entire colonies are available. Micro- 
wopie examination showed constant differences in thickness and char- 
acter of the growth laminae in the different genera, which fact seems to 
make the classification more valid. 

SIMPLE FORMS 
Pisolites and pisolitic limestones (Pycnostroma) 
(Plate 1, figures 1, 2) 


These consist of irregularly rounded calcareous masses in an odlitic groundmass, 
sme of which is fine-grained. The rocks range from light to dark gray or almost 
lack. Usually they are very dark when fresh, becoming lighter on weathering. Most 
ndividual pisolites are rather irregular; a few are perfectly spherical. The majority 
te elliptical, pear-shaped, or triangular in cross section. The upper and lower sur- 
ees of some are flat, particularly in the larger specimens (PI. 1, figs. 1, 2). Usually 
ey are oriented with the long axis parallel to the bedding. 
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The following measurements are sizes of pisolites in a typical specimen (in centj- 


meters). 
by 9 by 4 
16 by 8 by 5 
14 by 9 by 4 
9 by 7 by 6 
16 by 10 by 4 


The majority average about 0.7 by 0.5 by 0.4. 


The pisolites have a nucleus surrounded by regular shells of calcium carbonate 
representing growth stages. The larger pisolites have thicker and more irregular outer 
coatings. It is notable that while at first growth was apparently equal in all directions, 
as they became larger growth became more active on the upper surface. Hence speci- 
mens that evidently have been rolled show new growth layers which are not parallel to 
the older ones. Others consist of several small masses grown together and enveloped 
by later growth layers. The nucleus of the pisolite usually consists of a bit of some 
foreign substance such as vegetable material or other fossil matter, a fragment of 
rock or mineral, sometimes a piece of algal material. 

The pisolites are imbedded in a groundmass of fine odlite which is usually light gray 
but which may become yellow or brown on weathering. Some fresh material is blue 
gray to black. 

Microscopic examination of the concentric layers reveals very fine particles of 
calcite which show an irregularly fibrous pattern suggesting algal filaments. In a 
few slides at high magnification casts of spherical cells may be seen. However. in 
the majority of cases secondary growth of calcite and recrystallization have destroyed 
or largely obscured such structures. 

Fine-grained silt and much carbonaceous material occur with the fine-grained calcite. 
Some is intimately mixed but the larger proportion tends to be concentrated between 
the layers, suggesting that the material was either caught in the gelatinous coatings of 
the growing algal colonies, or accumulated on the colonies during those seasons when 
algal growth was slow or inactive. 

The small amount of observed cellular structure is poorly preserved and is con- 
sidered insufficient to justify a description and naming of the forms. It is, however, 
enough to indicate that the algae involved were relatively simple blue-green types 
(Cyanophyceae) aided occasionally by thread-like types which may have been higher 
blue-green forms or possibly green algae (Chlorophyceae). In general appearance the 
pisolites are very similar to modern small algal balls which one of the author’s students 
recently collected from Squaw Island, Canandaigua Lake, New York. It can be 
demonstrated that the blue green algae assisted by some green algae are largely 
responsible for the formation of such balls (Clarke, 1900). 

The material studied was obtained from the Trout Creek section (Sec. 22, T. 138, 
R. 77 W.), Chaffee County. Similar material was observed to be well developed at 
Wood’s Cabin and on Lime Creek. 

According to Pia’s classification (Pia, 1927 and 1928, p. 212) they would belong to 
the subclass Spongiastroma and form genus Pycnostroma. 

In almost all the localities where algal limestones have been collected, odlitic beds 
are associated and frequently these contain pisolitic growths. 


Simple nodular crusts 
(Plate 1, figure 2; Plate 7, figure 2) 


This type consists of laminated crusts which may develop into irregular nodular 
masses. They are either: (1) nearly flat but slightly arched crusts; (2) small, cabbage- 
shaped forms; (3) irregular, flattened nodules; or (4) compound forms. 

In Bed 49 of the Trout Creek Pass section they have developed along with the 
pisolites within and at the top of the pisolitic layer (PI. 1, fig. 2). Measurements of a 
series of specimens obtained at that locality give the following dimensions in cent 


meters. 
62 by 34 by 18 2.1 by 18 by 14 
46 by 39 by 3.0 79 by 74 by 28 
5.1 by 46 by 2.5 9.1 by 56 by 54 
58 by 54 by 32 
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These forms start on a core of odlitic or pisolitic material or in some cases on the 
smooth silt of the bottom. At first they form a nearly flat crust, then they arch gently 
because of the more active marginal growth. Gradually the edges grow and curve 
until they partly or completely enclose some of the basal matrix. At the same time 


Ficure 2—Diagrammatic cross-sections showing development of simple 
crusts (Seale x 2). 


gowth continues on the upper surface. When the surface width attains a diameter 
ofabout 1.5 centimeters the upper surface begins to undulate as a result of a tendency 
ior growth to concentrate around several centers rather than to progress evenly over 
the entire surface (Fig. 2). As the colonies become larger and thicker the undula- 
tions become more pronounced until eventually kidney-like or irregularly shaped 
wodular masses result. The process as it continues develops structures suggestive of 
mall, simple cryptozo6ns (PI. 7, fig. 1). 
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Microscopic examination shows these forms to be built of thin calcite layers with 
disseminated specks of carbon and other foreign material. 

Some calcite layers show suggestions of fibrous or thread-like structures and on high 
magnification (X 500) a few suggestions of spherical cells. However, no good cellular 
structure could be obtained. Consequently, it is not considered desirable to name or 
classify the organisms responsible. 

Several writers have described similar algal structures from a number of localities 
(Pia, 1926; Hoeg, 1929-1934; Walcott, 1914) and from horizons ranging in age from 
pre-Cambrian to Recent. Obviously they represent a common growth form. Pig 
(1928) has shown that under certain conditions simple types of algae, especially the 
Cyanophyceae, assume this form. 

The material was obtained from the Trout Creek Pass section principally from Bed 
No. 49 although some specimens were obtained from Beds Nos. 43, 29 and 18. Similar 
material was obtained in smaller amounts from the Lime Creek locality. 

At the Wood’s Cabin locality quite similar “crusts” occur. These show pronounced 
laminated growth layers with greatly arched surfaces. They start as small arched 
biscuits one-half to one and a half cm. in diameter which grow together to form com- 
pound masses up to 10 cm. wide and 2.2 em. thick. Growth seems to have been more 
active along the edges than on top. The growth layers are very thin (4 to 6 to 


one mm.). 
LARGE COLONIAL FORMS 


Shermanophycus Johnson, n. gen. 
Sherman (name of ranch), Phykos (sea plant) 
GenonHoLoryPe: Shermanophycus gouldi, n. sp. 


DescripTIon : Calcareous algae which form rounded colonies, consisting of a central 
basal mass of thin irregular concentric layers surrounded by fingerlike branching 
growths of arched layers. The surface looks very much like that of a small cauliflower. 
It is irregularly pitted. 

Shermanophycus gouldi Johnson, n. sp. 


(Plate 2, figures 1 and 2) 


Description: Colonies average about 6 cm. across and 3 em. high. They havea 
central portion of wavy cryptozoén-like concentric layers forming about two-thirds 
of the mass (up to 1% or 2 cm.) which is surrounded by finger-like projections on the 
top and sides, but not on the bottom. These grow upward in a closely packed mass, 
forming moderately compact heads. The concentric layers of the central mass range 
in thickness from 0.1 to 0.16 cm. The projections average from 0.5 to 1.1 em. long 
and from 0.4 to 0.7 em. wide. On one specimen the projections attain a length of 
29 cm. but maintain the maximum width of 0.7 em. In the shorter and average 
sized specimens the projections are nearly uniform in diameter. In the longer ones 
they tend to pinch and swell. There is a tendency for the fingers to form clusters with 
the spaces between clusters considerably wider and deeper than the spaces between 
the fingers in a cluster. 

Under the microscope the basal portion is seen to be composed of fine-grained 
calcite. The layers are sharply defined by an accumulation of carbonaceous matter 
on the surfaces. At a magnification of 50 some of the better specimens show a struc- 
ture suggestive of fine tubes arranged roughly parallel to the surface of the layers. 

The fingers show a thin undulating layering. The layers are much thinner than i : 
the central mass but are strongly arched and wavy in detail. They are composed of 
calcite, like the layers of the central portion and show suggestions of the same tubular 
structure. 

Between the projections the space is filled with odlites and irregular algal pellets in 
a dark brown carbonaceous material. 

CuassiFIcATION: The discernible microstructure suggests that the algae probably 
belong to the Cyanophyceae or blue-green group. 

Remarks: Named from Sherman’s ranch where specimens were collected and for 
Dr. Don B. Gould who assisted the writer in collecting the material. 

The algal colonies are dark gray and form an irregular bed 6 to 8 em. thick. The 
lower part of the bed consists of small rounded colonies 1 to 1.5 cm. wide, similar to 
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Ficure 1. ALGAL PIsoLiTes 
Top and side (sawed and etched). Trout Creek Pass, Chaffee County. ° 
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Figure 2. ALGAL PrsoLires AND SimPLe Crusts 
Side view (sawed and etched). Trout Creek Pass, Chaffee County. 
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3 Ficure 1. Shermanophycus gouldi n. sp. 
From type locality on Sherman’s Ranch, Park County. Slab showing tops of several colonies. 


2 3 5 6 7 

INCHES 


! 2 3 


Ficure 2. Shermanophycus gouldi n. sp. 
y on Sherman’s Ranch, Park County. Side view; sawed and etched. 
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the central masses of the large colonies, in an odlitic matrix. The colonies become 
larger above until the top of the layer is covered by large heads 4 to 6 cm. in diameter 
and 2.5 or 3 cm. thick. 

The removal of the overlying fine-grained black shale reveals the compound algal 
colonies in a bed resembling a flat mass of small cauliflowers (PI. 2, fig. 1). 

The change in growth form appears to represent an adaptation to external condi- 
tions necessitated by increase in size. In 26 specimens examined and measured the 
protrusions commence when the colonies attain a thickness between 1.0 and 15 cm. 
In the small young colonies (up to 0.4 cm.) growth is outward in all directions; when 
the forms are a little larger (0.4 to 0.7 cm.) growth is more rapid on the top and sides 
than on the bottom; finally growth is confined to the top and sides. After a thickness 
of 1.0 cm. is reached, growth occurs only on the top and the finger-like projections 
begin to develop. Apparently the colonies start on a tiny nucleus. Soon the increased 
size and weight discourages and finally inhibits growth on the base. With increased 
size and gradual burial of the base the growth is concentrated on the top with the 
final development of projections. A similar change in growth habit with size has 
been noted in modern tropical calcareous red algae and in a number of fossil genera 
such as Fenton and Fenton’s Teionophycus (1939, p. 100) and in a number of the 
genera described in this paper. 

The first stages in the series are similar to some of the simple crusts noted in con- 
nection with the forms described earlier in this paper. 

OccurrENCE: In prospect holes along east side of road between Dry Lake and the 
lane to Sherman’s ranch house in the NE % sec. 22, T. 11 S., R. 78 W., Park County, 
Colorado. They occur in black shales near the top of the Weber shales. 


Gouldina Johnson, n. gen. 
(Named for Dr. Don B. Gould) 
GeENoHOLOTYPE: Gouldina carbonaria, n. sp. 


Description : Calcareous algae forming rounded colonies consisting of a basal gently 
arched dome composed of undulating laminae and an outer portion of irregular 
mammillae. 

Gouldina carbonaria Johnson, n. sp. 


(Plate 3, figure 1) 


Description : Colonies small to medium size averaging about 9.5 cm. across and 5.5 
em. thick. The shape is like a rounded, gently arched biscuit, nearly flat on top and 
somewhat wider at the top than at the bottom. The measurement in centimeters 
given below indicate proportions. 


Top diameter Bottom diameter Thickness 
9.0 by 8.0 6.1 by 5.7 5.0 
9.0 by 10.2 6.0 by 7.0 5.7 
8.0 by 8.0 5.8 by 56 48 
10.2 by 98 7.0 by 6.3 75 
75 by 7.0 5.6 by 5.1 5.0 
120 by 7.5 8.1 by 56 48 


The basal portion ranges from less than one-fifth to a maximum of one-third of the 
total height, usually about one-quarter. This basal portion consists of irregular wavy 
laminae one-sixth to one-eighth of a centimeter in thickness. On weathered surfaces 
these laminae are alternately light and dark. In the inner portion the laminae are 
smoother and more regular but as the colony becomes larger these become more wavy 
and irregular until with greater size the irregularities give way to mammillary pro- 
jections which build the outer portion of the colonies (Fig. 3). 

The projections usually develop before the colony has attained a maximum thick- 
ness of 2.5 cm. These start as gentle domes which rapidly develop into mammillae or 
finger-like forms that have roughly circular cross sections. Some are irregular as a 
result of crowding. These projections average 4 to 6 mm. in diameter. All are com- 
posed of arched thin layers. As a rule the arching is gentle at the base but stronger 
at the top. Some large projections may bifurcate. The individual layers are slightly 
less than a millimeter thick on the average but attain an observed maximum of 2 mm. 
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Ficure 3—Diagrammatic cross-sections showing development of 
colonies of Gouldina 
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on some large colonies. The mammillae are closely packed. Spaces between them 
are filled with clay, odlites, and organic debris. 

Under a microscope the laminae are seen to consist of very fine-grained calcite. The 
boundaries of the laminae show a concentration of carbonaceous material and fine 
silt particles. This is especially evident at the top of the darker layers. The upper 
and lower portions of the layers are composed of the same materials and show similar 
structures, except that the upper portions are more subject to recrystallization and 
frequently are partially or largely replaced by fine crystalline calcite. This suggests 
that originally the upper surfaces were more porous than the lower portions. It is 
believed that the laminae represent growth layers and indicate periods of rapid growth 
alternating with intervals when growth stopped or was greatly slowed down. In some 
cases during this period of stagnation there was some solution and decomposition of 
the outer surface and an accumulation of foreign material. 

At magnifications of 50 to 75 times suggestions of thread-like structures are observed. 
A few of the better preserved specimens show these threads to be slender tubes. The 
sections cut them at various angles but suggest a thick mass of threads growing 
approximately at right angles to the surfaces of the laminae. The tubes are very 
uniform in size. 

Remarks: The genus differs from Shermanophycus in the character and relative 
size of the central portion. In Shermanophycus the central portion is relatively 
larger than in Gouldina and the laminae of the central portion are smoother and 
more regular. The demarcation between the central and outer portions is distinct 
and abrupt in Shermanophycus while it is indistinct and often gradational in Gouldina. 
The filaments appear to have grown perpendicular to the surface in Gouldina and 
approximately parallel in Shermanophycus. 

CLASSIFICATION: The available evidence suggests that these colonies were probably 
formed by blue-green algae. 

OccurrRENCE: Abundant around the old cabin of the Wood’s homestead, sec. 10, 
T. 11 S., R. 78 W., Park County, Colorado, where they are found in black shales 
associated with odlites, pisolitic algal growths, and the scales of ganoid fishes. Strati- 
graphically they occur near the top of the Weber formation. 


Gouldina magna Johnson, n. sp. 
(Plate 3, figure 2; Plate 4, figure 1) 


DescripTIon : Colonies average 25 cm. across and 15 cm. high. A number observed 
in the field were 45 to 55 cm. wide with one attaining a width of 68 em. Young 
colonies have the shape of small, flat, circular, mammillated biscuits which later 
develop layer upon layer of mammillae. Until the colony attains a size of about 
25 by 5 cm. the layers completely encircle the colony. As the size increases growth 
concentrates on the top and sides giving rise to arched layers. The layers average 
about 7 to 8 em. The mammillae of the thicker layers range from 2 to 5 mm. wide 
and 1 to 2. mm. high. They may branch. The mammillae show growth laminae. 
The thicker laminae may be quite porous. Usually the mammillae are closely 
packed together and their tops are strongly arched. The surfaces of the growth 
laminae appear smooth to the eye but under a glass are seen to be finely pitted. 
Weathered surfaces are rough and porous. 

Under the microscope the material is seen to have been a porous mass of fine- 
grained calcite which is now largely recrystallized and shows very little structure 
except suggestions of thread-like fibers. These show circular and oval cross sections 
at a magnification of 50 times. The spaces between the mammillae are filled with 
mall quartz grains and odlitic masses in a dark groundmass of bituminous material 
and tiny shale particles. 

Much fine foreign material is present along the surfaces of the laminae and even 
in the spongy mass of the mammillae, suggesting either rapid deposition of sediment 
during algal growth or that the surface of the colony was coated with gelatinous 
material which caught and held foreign material. 

Remarks: This specics attains the largest size of any of the forms described in this 
paper. The colonies are very compact. All the material collected was obtained 
ftom black shales. The material occurred as separate colonies, or with the colonies 
crowded together to form large caleareous masses. Some beds of impure limestones 
were formed of colonies all of which commenced at about the same horizon and 
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extended irregularly upward. In others the colonies started at different horizons, some 
upon or between other colonies, and all growing together to make a solid masg, 
Sometimes several small colonies would grow together forming compound colonies 
with common outer layers growing around them. 

CuassiFicaTION: The algae of these colonies probably belong to the Cyanophyceae 
as indicated by the porous structure, the slight and very poor microstructure, the 
small size of the filaments, and the large amount of included foreign material. 

OccurRENCE: This form is the most widespread of the forms studied with the ex- 
ception of the pisolites. Specimens were obtained from a number of horizons in 
the Trout Creek section, at Wood’s Cabin and in Mule Shoe Gulch. All were 
from horizons stratigraphically high in the Weber formation. Fragments of ma- 
terial which appeared to be the same in the field were observed at about the same 
stratigraphic horizon along the southern end of Fossil Ridge near the head of Co- 
menche Creek in the Gold Brick district, Gunnison County, Colorado. 


Leptophycus Johnson, n. gen. 
Leptos (slender), Phykos (sea plant) 
GenouootyPe: Leptophycus gracilis, n. sp. 


Description : Calcareous algae forming small, loosely knit, nearly spherical colonies; 
composed of conical, bell-shaped, or plumose individuals, each consisting of thin 
arched laminae. 

Leptophycus gracilis Johnson, n. sp. 
(Plate 6, figures 1-3; Plate 7, figure 3) 


Description: Colonies simple or compound, usually compound, consisting of plu- 
mose, conical, or bell-shaped masses. The compound colonies tend to have a radial 
arrangement forming biscuit-like masses. In these the individual colonies are 
seldom crowded. The biscuits average about 4 cm. across and 2.5 em. thick although 
some are considerably larger. The surfaces of the biscuits are irregularly covered 
by warty protuberances which are the domed tops of the algal colonies. The colonies 
may branch, or new ones may develop from the tops or sides of the larger ones. The 
individual colonies show a layered structure. The growth laminae are thin (35 
to 40 to a cm.) and arch gently, the arching becoming somewhat more pronounced 
as the colonies become larger. They are separated from one another by very thin 
darker layers which consist of coarser CaCO; containing much silt and foreign 
material. The darker layers probably represent solution, recrystallization and silting 
during a season of slow or no growth. 

The upper surfaces of the colonies are rough or slightly pustulate. The rough 
surface results from the breaking off of small, knob-like protuberances. Studies of 
thin and polished sections at magnification of 40 show the surface to be covered by 
small, rounded knobs attached to the upper surface of the colonies by thin stems. 
However, on weathered surfaces they have all been broken off and only the rough- 
ened points of attachment remain. 

The spaces between the colonies are filled with fine silt, small sand grains, tiny 
odlites and ostracods. 

Microscopic examination suggests that the layers were composed of a very 
porous almost spongy mat of threads coated with calcium carbonate. Unfortunately 
all the specimens studied were too recrystallized to suggest more than such a structure. 
However, the amount and character of the recrystallization indicates that the original 
material was much more porous than in any of the other forms described in this 

aper. 
- Remarks: Compared with the other biscuit-like or head-making algal forms known 
from the Pennsylvanian the compound colonies of Leptophycus are small but loosely 
intergrown, forming smaller, more irregular and less compact masses. Superficially 
they suggest the genus Ottonosia (Twenhofel, 1919) known from the Permian of 
Kansas, but differ in shape of the biscuit, Ottonosia forming wider, flatter and more 
concave biscuits with a closer packing of the individual colonies. 

CLassIFICATION: These colonies were formed either by green or blue-green algae. 
The preservation of the material is too poor to throw light on the matter. 
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Ficure 1. Gouldina carbonaria n. sp. 
Type specimens; top and bottom views. 
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Ficure 2. Gouldina magma n. sp. 
Portion of a colony sawed and polished; shows layers of mam ih 
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Ficure 1. Gouldina magma n. sp. 
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Side view of a weathered colony showing layers and mammillae and increase in size of mammillae 


around upper margin. 


Ficure 2. Stylophycus carbonarius n. sp. 
Top view of several colonies intergrown. 
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OccurrENCE: Leptophycus gracilis colonies are abundant in beds 4, 6, and 9 of the 
Salt Creek section along the south fork of Salt Creek, in SW % sec. 6, T. 13 S., R. 
77 W., Park County, Colorado. Locally they are sufficiently abundant to form irregu- 
lar layers of limestone from 5 to 16 cm. thick (PI. 6, figs. 1 and 2). 


Stylophycus Johnson, n. gen. 
Stylo (pillar), Phykos (sea plant) 
Stylophycus carbonarius, n. sp. 


Description: Calcareous algae forming wide colonies roughly circular in outline. 
The upper surface may be gently arched or concave. The colony consists of a gently 
arched basal portion composed of thin concentric layers and a larger outer porticn 
composed of closely packed, rather irregular mammillae. 


Stylophycus carbonarius Johnson, n. sp. 
(Plate 4, figure 2) 


Description: Colonies of medium size averaging about 14 cm. across and 0.4 cm. 
igh 


The basal portion usually comprises about one-third of the height of the colony 
and one-third to one-half the width. It is built up of a series of slightly convex, 
gently arched laminae. These laminae measure about 30 to a centimeter. On 
weathered and acid etched specimens these laminae are alternately light and dark. 
All the unbroken colonies examined showed evidence of attachment to the bottom 
by basal areas 4 to 5 cm. in diameter. 

The outer portion consists of a series of closely packed mammillary or in larger 
specimens fingerlike processes, each built of gently arched laminae. The projections 
are nearly circular in cross section. They may bifurcate as the colony expands. They 
have an average diameter of around 2 mm. while the laminae average 10 or 12 toa mm. 
The spaces between the mammillae are filled with shale particles, tiny odlitic grains, 
ostracods, and sand grains. 

Although the basal and outer portions differ appreciably in appearance, in broken 
or sawed specimens the change from one to the other is seldom abrupt. In most 
cases near the top of the basal portion a layer of small mammillae will appear, to be 
covered by a number of laminae of the basal type; then another layer of small mam- 
millae, then more laminae, sometimes repeated several times before the final outer 
development really commences. The large outer mammillae may commence at 
different levels in different parts of the same colony. 

At all stages of development growth seems to have been more rapid around the 
margins than on the top (Fig. 4). This becomes more pronounced after the colony 
reaches a thickness of about 3 cm.; growth is then concentrated around the margins 
which rapidly extend laterally and bulge upward, giving the colony rounded margins 
which project considerably above the concave central portion. Where sufficiently 
crowded several adjoining colonies may grow together to form wide flat limestone 
masses (PI. 4, fig. 2). 

The upper surface of the colony is made irregular by the rounded tops of the closely 
packed mammillae. These are not arranged in any regular pattern. The depressions 
between the mammillae are shallow (1 to 2% mm.). The surfaces of the mammillae 
are somewhat pitted and slightly pustulate. 

Under the microscope the laminae of both the basal and outer portions show simi- 
lar features. They are composed of calcite considerably darkened by abundant gray 
or black carbon and a brown carbonaceous stain. Alternate layers are thicker and 
have a spongy texture while the ones between are thinner, darker, and denser, con- 
tain more foreign material and more coarsely crystalline calcite. The surfaces of 
some of these layers are locally covered by a thin layer of carbon. In the majority 
of the specimens examined structures finer than the laminae were largely obscured 
by crystallization of the calcite. However, several showed suggestions that the 

inae are composed of a mat of thread-like filaments sufficiently coarse to be dis- 
cenible at a magnification of 30. In one specimen at a magnification of 82 these 
appeared as coarse branching filaments. 
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Remarks: This genus differs from Shermanophycus and Gouldina in the much 
closer packing of the mammillae of the outer portion. The mammillae are con- 
siderably smaller than those of Gouldina, about the same size as those of Shermano- 
phycus, but lack the clustered arrangement, being more evenly spaced. The growth 
laminae are thinner than in the other two genera, and the basal portion differs in 


SCALE IN INCHES 


Ficure 4—Diagrammatic cross-section showing develop- 
ment of a colony of Stylophycus carbonarius 


being thinner, wider, less strongly arched, built of thinner laminae and having what 
appears to be a definite basal attachment area. The habit of growth with a greater 
marginal development during the later stages is quite different from any of the other 
types studied. 

— The colonies were probably formed by blue-green algae (Cyano- 
phyceae). 

OccurrENce: A number of colonies of this form were obtained from Bed 28 of the 
Salt Creek section in sec. 6, T. 13 S., R. 77 W., Park County, Colorado. This horizon 
is near the top of the lower shale section of the Weber formation. The colonies occur 
separately or in small clusters surrounded by shale. The only other fossils obtained 
from the bed were some ostracods and a few primitive brachiopods of the Roemerella 


type. 
Stylophycus calcarius Johnson, n. sp. 


(Plate 5, figure 1) 


DescriPTION : Colonies average about 20 cm. across and 10 cm. thick with the top 
gently to strongly arched. The basal portion comprises less than one-third the height 
and about one-half the width of the colony. The structure of the basal and outer 
mammillated portions is similar to that of Stylophycus carbonarius. The growth 
laminae and microstructure are also similar. The shape of the colony is different, 
however, as the top is gently arched instead of being concave, and the mammillae 
are long and finger-like. Several colonies may grow together to form large, rounded, 
nodular masses. The tendency to grow more abundantly along the margins 
on top causes some colonies to have strongly arched lower surfaces. 

Remarks: From the growth forms of the members of this genus it would appear 
that starting on a mud bottom in an area of relatively quiet water the colony grew 
rapidly compared to the rate of shale deposition, so that during life most of its 
surface rose above the surrounding shale. It is possible that Stylophycus calcanus 
and Stylophycus carbonarius may represent differences of growth form due to differ 
ences in the rate of shale deposition, Stylophycus calcarius forming under conditions 
of more rapid shale deposition and possibly less quiet water. 

OccurrENCE: Bed 28 of the Salt Creek section, Park County, Colorado, and Bed 
49, Trout Creek section, Chaffee County, Colorado. Fragments of what appear to 
be the same form were also obtained from a shoulder on the northeast side of Taylor 
Peak above the head of the west fork of Express Creek near the Gunnison, Pitkin 
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Ficure 1. Stylophycus calcarius n. sp. 
Side view of compound colony formed by several colonies growing together; sawed and etched; shows 
the laminae and well-developed mammillae. 
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Ficure 2. Stylophycus radiatus n. sp. 
Side view of colony; sawed and etched. 
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Ficure 1. Leptophycus gracilis n. sp. 
Side view of limestone slab showing many colonies. 


x 
Ficure 2. Leptophycus gracilis n. sp. Ficure 3. Leptophycus gracilis 
Top of slab covered with colonies. Detail of top of colonies. 
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County, boundary line. In each case the stratigraphic horizon was in the upper 
half of the lower or shale portion of the Weber formation. 


Stylophycus radiatus Johnson, n. sp. 
(Plate 5, figure 2) 


Description : Colonies nearly circular in horizontal section with gently arched upper 
surface ; colonies 10 to 18 cm. across and 6 to 8 cm. high. The basal portion com- 
prises one-fourth to one-third of the colony. The structure of the basal and mam- 
nillated portions is similar to Stylophycus carbonarius and Stylophycus calcarius 
although the laminae and closely packed mammillae are strongly developed into 
finger-like pillars up to 34 cm. long and 5 to 9 mm. wide. Many of the specimens 
studied are compound colonies. Under the microscope the structure is seen to be 
more porous than in Stylophycus carbonarius and Stylophycus calcarius, permitting 
enclosure of considerably more foreign material. With the more porous structure 
there has been more recrystallization of the calcite and more filling of the interstices 
with secondary calcite. Suggestions of bifurcating filaments could be seen at a 
magnification of 82. 

Remarks: In this species growth was more pronounced on the top than on the 
sides, so that the colonies are high and narrow. This suggests an adaptation to rapid 
sedimentation. In fact, it is quite possible that the several forms considered as 
different species of this genus may represent adaptations of one species to several 
diferent conditions of sedimentation. 

Occurrence: Numerous specimens were obtained along the west side of Lime 
Creek half a mile above its junction with the Frying Pan River in Eagle County, 
Colorado. Stratigraphically the material was from the Weber formation occurring 
at several horizons in a zone about 50 feet thick commencing 150 or 160 feet above 
the base of the formation. 


Artophycus Johnson, n. gen. 
Artos (loaf), Phykos (sea plant) 
GeENOHOLOTYPE: Artophycus columnaris, n. sp. 


DescripTion : Calcareous algae forming massive brain-shaped colonies which consist 
of long, gently tapering cones or pillars built of thin, gently arched laminae. 
Artophycus columnaris Johnson, n. sp. 
(Plate 7, figure 1) 


Description: Colonies form arched flattened biscuits, usually longer than wide. 
Surface covered by irregular ridges and furrows giving the appearance of brains. The 
following measurements in centimeters give an idea of dimensions and proportions. 


Length Width Thickness 
16.1 12.1 54 
15.0 13.0 59 
10.0 5.5 3.7 
10.2 6.1 3.5 
11.0 7.0 41 
10.2 6.3 38 
12.8 6.9 44 


The colonies give the impression of having a very porous, spongy structure. Micro- 
scopic examination confirms this impression. The layers are spongy and there is 
much foreign material between laminae. All the specimens studied show much 
recrystallization which has destroyed the micro-organic structure, although the mega- 
structure is well preserved. 

Remarks: This genus had the longest pillars (mammillae) of all the genera 
studied ; the laminated basal portion found in most of the others is absent. It differs 
from Leptophycus in the much greater length of the mammillae and the fact that 
in the latter the colonies are much smaller and approximately spherical. 
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CuassiIFIcATION: In the absence of microstructure it is difficult to classify exactly 
but by analogy with other forms, the growth habit, the habitat, and the large 
quantities of included foreign material it is considered as probably belonging to the 
Cyanophyceae. 

Occurrence: Abundant in bed 9 of the Trout Creek Pass section, Chaffee County, 
Colorado. Stratigraphically, high in the Weber formation. 


Cryptozo6én Hall 
Cryptozo6n coloradensis Johnson, n. sp. 
(Plate 8, figures 1-2; Plate 9, figure 1) 


Description: Calcareous algae forming flattened spherical, cabbage-like colonies, 
wider at top than at base. Upper surface gently to strongly arched. Composed of 
thin concentric layers or laminae which average 20 or 25 to a centimeter. Colonies 
are often compound as a result of several growing together or of small bud-like 
colonies appearing along the sides of the main colony. In compound colonies the 
common outer layers cover the included colonies. 

Under the microscope the laminae are seen to consist of a poorly preserved mat 
of branching tubes of sizes varying from one twenty-fifth to one fortieth of a milli- 
meter in diameter. The tubes are filled with clear calcite while the spaces between 
are filled with calcite, carbonaceous material, tiny odlites, quartz grains, limonite and 
marcasite crystals. 

Remarks: The form of the colony is similar to those described by Goldring (1938) 
from the Ozarkian of New York, but is smaller. In this species the laminae are 
thinner and the tubes smaller than any of the Ordovician species. 

CuiassiFicaTION: The structure of Cryptozo6én suggests that it belongs among the 
Cyanophyceae as shown by the poorly preserved microstructure and spongy mat 
of branching tubes of several sizes. Pia (1926) suggests they may be built by several 
species living together. 

OccurRENCE: Numerous specimens were obtained about 200 feet above the base 
of the Weber formation along the west side of Lime Creek Valley, three-quarters of 
a mile above its junction with the Frying Pan River, Eagle County, Colorado. Small 
masses resembling young colonies of this form occur with the pisolites and odlites in 
beds 43, 38, 29, and 18 of the Trout Creek section, near Trout Creek Pass, Chaffee 
County, Colorado. A specimen of similar material was collected by John Bartram 
just east of Glenwood Canyon of the Colorado River below Gypsum, Colorado. 


Calyptophycus Johnson, n. gen. 
Kalypto (to cover), Verruca (a wart) 
GenouoLoryre: Calyptophycus verrucius, n. sp. 


Descrirtion: Calcareous algae which form small, gently domed, wart-like pro- 
tuberances on shells, logs, and other objects. If abundant the colonies may unite 
to form thin crusts. 


Calyptophycus verrucius Johnson, n. sp. 
(Plate 10, figures 1-3) 


Description: The colonies form small, gently domed, wart-like incrustations of 
crusts. Individual colonies up to 2 cm. across and 4 to 6 mm. thick. They are com- 
posed of laminae which are alternately thick and thin. Under the microscope these 
layers appear alternately dark and dense, and light and spongy. At magnifications of 
26 the laminae are seen to be spongy mats of bifurcating filaments greatly intertwined 
but tending to be perpendicular to the surfaces of the laminae. 

Remarks: This form was found at a number of localities incrusting a variety of 
objects—Calamites logs (Pl. 10, figs. 1, 2), brachiopod shells, rocks, especially lime- 
stone, and fragments of large algal colonies of Stylophycus and other types. j 

Masloff (1929, p. 1538) has described an incrusting form which he called Nostocites 
which in habit at least is similar to this form. With only an English summary o 
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Figure 1. Artophycus columnarius n. sp. | 
Top and side view of colonies; side sawed, etched, and varnished; shows long, pillar-like mammillae. 


Ficure 3. Leptophycus gracilis n. sp. 
Individual colonies weathered out of shale. 


2. SimpLe (Cryprozoén) Crusts 
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Ficure 1. Cryptozoén coloradensis n. sp. 
Several small masses from Trout Creek Pass, Chaffee County, Colorado. 


Ficure 2. Cryptozoén coloradensis n. sp. 
Top and side views of colonies from Lime Creek, Eagle County, Colorado. 
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his description available, it is impossible to determine if it is the same as a somewhat 
different microstructure is suggested. It seems wiser, therefore, at the present stage 
of our knowledge to give this form a different name. 

CuassIFICATION: The algae forming these colonies probably belong to the Cy- 
anophyceae. 

OccurRENCE: The best locality for this form was in Mule Shoe Gulch in the SW 
¥, sec. 11, T. 13 S., R. 77 W., Park County, where they coat numbers of Calamites logs. 
They were also observed along Salt Creek, at Wood’s Cabin, and at several horizons 
in the Trout Creek section. 


SMALL TYPES SHOWING DEFINITE MICROSTRUCTURE 


Small pellets were found at several of the localities associated with the 
larger algal forms which showed definite microstructure. These forms 
were not common, however, and were not well preserved. All belonged 
to genera which have been previously described from the Mississippian 
or Pennsylvanian of Europe. 


Girvanella Nicholson and Etheridge 
Girvanella sp. ? 
(Plate 9, figure 2) 


Description: Girvanella have been found in the, present study. The most out- 
standing occurrence noted was at La Veta Pass where they form nodular masses 
associated with a large marine fauna. 

The nodules are fairly numerous and attain sizes up to 8.1 by 4.4 by 7.0 cm., but 
average around 5.0 by 3.0 by 4.5 cm. Some larger irregular masses result from the 
growing together of several of the nodules. The nodules often start around an in- 
a fossil. A number of the fossils collected were spotted or partially covered 
with algae. 

Under the microscope these nodules are seen to consist of a mass of twisted tubes 
which envelop the brachiopods and other organic fragments and frequently build 
out for a distance of 1 or 2 cm. beyond the enclosed material. 

The tubes have a diameter of 0.02 to 0.03 mm. which is coarse for Carboniferous 
Girvanella. They show some though not abundant branching. In the material 
studied it could not be determined with certainty that the tubes were partitioned, 
although some suggestions of partitions were observed. 

CLASSIFICATION : Girvanella probably belongs to the green algae. 

Occurrence: Abundant at one horizon on the west side of La Veta Pass, Costilla 
County, Colorado. Stratigraphically well up in the lower Sangre de Cristo formation. 
They were associated with a large marine invertebrate fauna including brachiopods, 
bryozoans, pelecypods, gastropods, trilobites, crinoids, and corals. They were ob- 
tained from the upper part of Bed 5 of the section published by the Kansas Geological 
Society (1930, p. 96). A few Girvanella pellets were observed among the pisolites and 
odlites at Trout Creek Pass, Chaffee County, Colorado. 


Codiaceae 


Under this grouping Pia includes those calcareous algae composed of branching 
tubes which form small spherical, hemispherical, or dome-shaped colonies; each 
colony represents a tuft of the tubular filaments. Small colonies of such material 
were observed at several localities. All were small, many fragmentary, and none 


well preserved. 
Ortonella Garwood 


Ortonella sp. ? 


Description: Tubes 0.009 to 0.012 mm. in diameter which bifurcate at intervals. 
They are clustered and form small hemispherical masses. 


i 
{ 
| 
| 
i 
i 
| 
2 
H 


592 J. H. JOHNSON—ALGAE AND ALGAL LIMESTONES 


Remarks: The material available fits the generic description perfectly but is too 
poorly preserved and too scanty to afford a careful comparison with described 
species. The size is approximately the same as Ortonella kershopensis Garwood de- 
scribed from the English Mississippian (1931, p. 139). It is considered unwise to do 
more than mention it until better material can be obtained. 

OccurrENce: Among the odlitic streaks in Bed 8 of the Wood’s Cabin section jn 
Section 10, T. 11 S., R. 78 W., Park County, Colorado. 


ECOLOGY OF THE VARIOUS FORMS 


A study of fossil algae and their enclosing sediments should yield in- 
formation as to the conditions under which the algae lived and the sedi- 
ments were deposited. If our idea of form genera and form species is 
correct, they represent assemblages of algae possibly of several true 
species or even genera which lived together in constant close association 
forming a colony which was a definite unit, under a definite set of eco- 
logical conditions. As environment changed the assemblage of algae in 
the colony changed, producing a difference in the shape or character of 
the colony. Fenton and Fenton have shown this clearly in the case 
of some of the Belt and early Paleozoic forms (1937 and 1939) while 
Tilden (1897) and Black (1933) have described similar developments 
among modern groups. 

Nearly all the types described in this paper were obtained from black 
carbonaceous shales usually not very calcareous. In general the colonies 
formed compact heads. When abundant they combined to form irregular 
masses, lenses, and small banks or layers of limestone. The growth 
forms suggest waters that were not strongly agitated yet not still, and a 
not very rapid deposition of the surrounding sediments, in water less 
than 30 meters in depth (probably considerably less.). The character 
and original structures of the sediments indicate the same thing. 

Where the sediments were calcareous, the water quiet, and the rate 
of deposition slower (as in the lower beds of the Salt Creek section) the 
colonies were more widely spaced, less compact, and more branching than 
those growing in the black carbonaceous shale areas. 

Only a few general statements can be made until much more work 
has been done on fossil algae and their enclosing sediments. The writer 
thoroughly agrees with Fenton and Fenton (1938, p. 6) that the greatest 
need in the study of Paleozoic fossil algae is increased collections with 
abundant field data on associated sediments and fossils, conditions of 
deposition of the sediments, and information as to associations. However, 
it seems that sufficient work has been done to show that fossil algae can 
be of value in correlation, in throwing light on conditions of deposition of 
certain sediments as well as recording some of the plant life of the ancient 


seas. 
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Ficure 1. Cryptozoén coloradensis n. sp. 
From near the eastern entrance to Glenwood Canyon of the Colorado River, Eagle County, 
Colorado. 


Figure 2. Girvanella Nopuces 
West side of La Veta Pass, Costilia County, Colorado. 
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Figure 2. Calyptophycus verrucius 
Nn. sp. 
Field photograph of several Calamites 
logs more or less covered by algal 
growths. 


Ficure 1. Calyptophycus verrucius n. sp. 
Pieces of two Calamites logs coated with Calyptophycus 
verrucius. 


CENTIMETERS 


Ficure 3. Calyptophycus verrucius n. sp. 
Detail of the algal growths. 
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CHEMICAL ANALYSES 


Specimens of the more abundant types were analyzed at the Experi- 
mental Plant of the Colorado School of Mines. The results are tabulated 
as a matter of record and general information. 


Taste 1.—Analyses of algal limestones 
(In per cent) 


Or- 
SiO, AlO; CaO MgO COQ, ganic P.O, 


1 Pisolites 
(Trout Creek Pass) 4.1 3.6 1.7 48.6 1.7 33.3 considerable 
2 Cryptozoén 
(Trout Creek Pass) Ba “1-7 tr. 52.0 0.8 42.8 tr 0.12 
3 Artophycus 
4 Shermanophycus 30.7 3.2 4.0 32.9 2.4 22.9 tr. 
5 Cryptozoén 
(Salt Creek) 56:5 6.5 4.1 15.4 3:1 120 tr. 
6 Gouldina carbonaria 
(Wood’s Cabin) 14:6 2.8 2.6 35.7 6:6 34:2 
7 Stylophycus radiatus 
(Lime Creek) 10.3 1.7 1.10 47.6 0.88 37.020.3 0.5 
ius 8 Girvanella nodules 
(La Veta Pass) 39.8 6.06 3.9 26.1 1.23 20.65 0.45 0.17 


algal Nos. 1-6, F. G. Hills, analyst. 
Nos. 7-8, F. Schoder, analyst. 


CONCLUSIONS 


Algae of lime secreting habit were present in considerable numbers 
during the Pennsylvanian. They contributed appreciable amounts of 
calcareous material to the deposits. Form genera and form species can 
be recognized which had a wide geographic distribution and may be used 
at least locally in correlation. The fossil algae are of interest not only 
as a record of life in the ancient seas but they give information on en- 
vironment of deposition. It is believed that algal deposits are much more 
abundant and widespread than is generally recognized and that their 
study will be of value in stratigraphic geology. 
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ABSTRACT 


The consolidated strata of the Devil Ridge area in Trans-Pecos Texas are Cre- 
taceous. They are surrounded by Cenozoic alluvial fill in the adjacent basins and are 
intruded by rhyolite sills and dikes of Tertiary age. 

The Lower Trinity Yucca formation (1567+ feet thick) is composed of red and 
gray limestone and red shale with sandstone and conglomerate. Conformably over 
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lying the Yucca are arenaceous limestone and sandstone of the Bluff formation (1080 
to 1369 feet thick) of Glen Rose age. 

The Cox formation (557 to 1066 feet thick) above the Bluff is composed of sand- 
stone, quartzite, and thin limestone and ranges in age from perhaps the upper Glen 
Rose through the Lower Fredericksburg. The Finlay formation (346+ feet thick), 
a limestone belonging to the Fredericksburg group, rests conformably on the Cox. 

Georgetown and possibly Grayson strata of the Washita group (1021+ feet thick) 
are limestone and sandstone. 

The Eagle Ford formation (1419+ feet thick) of the Upper Cretaceous rests con- 
formably on the Washita beds and is composed of black shale, sandstone, and thin 
beds of chalky limestone. 

Northward the younger beds successively overlap the older ones. 

The area lies along the northeastern front of the Sierra Madre orogenic belt in 
Trans-Pecos Texas. Structurally it is divided into three blocks by two northwest- 
trending thrust faults—the Devil Ridge and the Red Hills—with a total displacement 
of at least 744 miles. There are four minor thrust faults, numerous small normal 
faults, and some small folds. 


INTRODUCTION 
DEVIL RIDGE AREA 


The Devil Ridge area, included on the Sierra Blanca topographic sheet 
in the southern part of Hudspeth County, Trans-Pecos Texas, covers 
approximately 105 square miles (Pl. 1; Figs. 1, 2). 

The ridges of the area trend northwest and rise abruptly above the 
gentle slopes of the basins. The maximum relief is about 1335 feet; the 
highest point, 5335 feet, is on Yucca Mesa, and the lowest point, 4000 feet, 
is south of the Red Hills. The relief is less along the northeastern sides 
of Yucca Mesa, Devil Ridge, and Love Hogback than on the southwestern 
sides because Quitman Canyon on the southwest drains into the Rio 
Grande and has a lower base level than the enclosed basin of Eagle Flat 
to the northeast (Fig. 2). Yucca Mesa, the highest hill, rises 750 feet 
above its base on the north side and 900 feet above its base on the south 
side. Northeast of Devil Ridge are low ridges and broad low rises. The 
Red Hills are a roughly circular group of hills cut in the middle by a 
large canyon. 

All the southwestern, southern, and most of the eastern parts of the 
area are drained by tributaries of Quitman Canyon (Fig. 2). The most 
northerly part and the region immediately east of Yucca Mesa drain into 
an enclosed basin—Eagle Flat—whose center is Grayton Lake, a playa. 
The streams are ephemeral, and most of them are consequent upon the 
slopes. The arroyo in the eastern part of the area and some of the streams 
between Devil Ridge and Front Ridge are parallel to the strike of the 
beds (Pl. 1). 

PREVIOUS REPORTS 

Little previous detailed geological work has been done in the Devil 
Ridge area. As a member of W. H. von Streeruwitz’s party, which went 
into the field in 1888, J. A. Taff (1890) studied the stratigraphic geology 
ofthe region. In a very commendable report he established the type sec- 
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tions for the Bluff and Yucca formations at Bluff Mesa and Yucca Mesa 
respectively. 

Later E. T. Dumble (1895) published an account of the Cretaceous of 
western Texas and Coahuila, Mexico. His paper gives a survey of the 
then existing knowledge of the stratigraphy of the general area. 
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Ficure 1—Map of Trans-Pecos Texas 


Showing location of Devil Ridge area (lined block). 


G. B. Richardson (1904) made a reconnaissance survey of the region 
north of the Texas and Pacific Railroad. In his report he named the 
Cox and Finlay formations. T. W. Stanton (1905) briefly discussed the 
stratigraphy of the Sierra Blanca area. 

By far the greatest amount of previous field work in the region has 
been done by C. L. Baker (1921, 1927, 1930, 1934), but even his studies 
were of a reconnaissance nature. His most comprehensive report, pub- 
lished in 1927, gives a general outline of the stratigraphy and the location 
of the major structural features. 

An excellent summary of the stratigraphy is given by W. S. Adkins 
(1932), and an equally good summary of the structure is presented by 
Baker (1934). 
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Ficure 2—Geologic map of Sierra Blanca area 


PURPOSE OF INVESTIGATION 


The earlier reconnaissance surveys of the region attained no satisfac- 
tory results concerning the details of the stratigraphy and structure of 
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Devil Ridge. As this section is along the northeastern boundary of the 
folded and thrust-faulted province which continues southward into 
Mexico and the Sierra Madre Oriental, accurate knowledge of the geology 
of the area was deemed necessary before the relation between this region 
and the almost horizontal strata to the north could be determined. This 
area was also thought to be a good one in which to study the beds strati- 
graphically above the section investigated by Albritton (1938) in the 
Malone Mountains, 20 miles to the west. Upon the suggestion of Pro- 
fessor C. L. Baker the author chose the area to gain this knowledge. 
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GENERAL STRATIGRAPHY 


The consolidated sedimentary rocks of the Devil Ridge area are Lower 
and Upper Cretaceous, and the intrusive rocks are Tertiary. Uncon- 
solidated sands and gravels, ranging from Tertiary to Recent, fill the 
basins around the hills (Fig. 3). 
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Figure 3.—Columnar section of Devil Ridge area 


The Lower Trinity of the Lower Cretaceous is represented by the Yucca 
formation, which is overlain by the Bluff formation of Glen Rose age. 
The Cox formation is stratigraphically above the Bluff; it probably 
ranges in age from the upper part of the Glen Rose through the lower 
part of the Fredericksburg group. The Finlay formation of the Fred- 
ericksburg overlies the Cox. The strata exposed above the Finlay belong 
to the Washita group and are correlated with the Georgetown and pos- 
sibly the Grayson. The Eagle Ford formation of the Upper Cretaceous 
rests conformably on the Washita beds. The alluvial deposits in the 
basins are unconformable on all the older strata. 

Tertiary sills and dikes intrude the Washita and Eagle Ford beds in 
the southeastern part of the area. 
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LOWER CRETACEOUS SERIES 
YUCCA FORMATION 


Lithology and thickness—The Yucca formation, named by Taff (1890) 
for its exposure on Yucca Mesa at the northwestern end of Devil Ridge, 
crops out in two discontinuous series along the northeastern and south- 
western sides of Devil Ridge. Limestone, sandstone, shale, and con- 
glomerate make up the formation. Limestone forms more than half 
the formation, grades from pure limestone to arenaceous types, and 
varies in color from black to red. It weathers to gray, yellow, and 
red (Stratigraphic Sections 2 and 3; Pl. 2, fig. 2). A red limestone, 
which weathers to salmon-red, commonly crops out about 40 feet be- 
neath the contact between the Yucca and the overlying Bluff formations, 
In this area red limestones are found only in the Yucca formation and 
thus are distinctive markers. Dense black and gray limestone is in 
scattered thin beds. The gray arenaceous limestone beds, in places as 
much as 25 per cent sand, increase in thickness to the northwest. Locally, 
the limestone strata are nodular. 

Beds of limestone-pebble conglomerate, with well-rounded to sub- 
angular pebbles 4 to 114 inches in diameter, are scattered through the 
formation. Locally these conglomerates are composed of fragmental 
limestone and have some dark chert pebbles. The matrix is largely 
calcareous. 

Pisolites, averaging between 14 and 1 inch in diameter, form a large 
proportion of some of the limestone beds about 500 to 700 feet below 
the top of the formation. 

Light- to dark-brown sandstone and quartzite strata, in places cal- 
careous, are found in the Yucca. Some of these beds grade upward 
into conglomerates with a matrix more arenaceous than calcareous. A 
few thin layers of green quartzite crop out on Yucca Mesa and Love 
Hogback. Cross-bedding in the sandstone of the Yucca is rare but 
locally it appears to have the concave side up. 

Red and purple shale beds, in many places highly calcareous, are 
characteristic of the Yucca. The combination of red and purple shale 
and red limestone gives the Yucca formation a distinctive red color. 

The exposures of the Yucca formation along Back Ridge and the 
Red Hills are similar to those northeast of Devil Ridge but differ in 
having less limestone and more red shale, red calcareous shale, and 
quartzite and quartzitic sandstone (PI. 2, fig. 1). There are also quarts- 
pebble conglomerate beds and lenses of chert-pebble conglomerate; such 
rocks do not crop out in the Yucca to the northeast. The conglomerates, 
composed of pebbles of white and red vein quartz averaging about half 
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Ficure 2. Yucca anp BLurr Formations 
Massive Bluff limestone overlying debris-covered thin-bedded Yucca strata on the north side of 
artz- Yucca Mesa. 
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Ficure 1. Cross-BeppinG 
In Cox sandstone on Devil Ridge. Concave sides of the cross-bedding face upward showing that the 
strata are right side up. 


Ficure 2. Rippte Marks 
In the Cox sandstone on Sand Mountain. Although weathered, the sharp crests point upward showing 
that the beds are right side up. 
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an inch in diameter, have a total thickness of only 80 feet of the Yucca 
formation in the Red Hills. They have a sandstone matrix, which 
is locally calcareous, and carry limestone and chert pebbles in places. 

Chert-pebble conglomerates like those on Back Ridge and in the lower 
part of the Yucca in the Red Hills are found nowhere else in the Devil 
Ridge area. These beds, in lenses up to 10 feet thick and extending 
for as much as 100 feet along the strike, are composed principally of 
angular chert phenoclasts, from 1 to 3% inches in length, in a coarsely 
arenaceous matrix. In a few places the coarse sandstone forms most 
of the strata and has poorly developed cross-bedding. Several small 
lenses of the chert-pebble conglomerate show channel filling. 

In the Red Hills there is 1567 feet of the Yucca formation, but neither 
the base nor the top of the formation is exposed. Around Yucca Mesa 
the measured thickness of the formation is 1032 feet, but there, also, 
the base is not visible. The Yucca formation, then, has a minimum 
thickness of 1032 feet along the northeastern length of the area, and 
of 1567 feet in the southeastern part. 


Stratigraphic relationship with the Bluff formation—aAs the base of 
the Yucca formation is not exposed, there is no available information on 
its lower contact. The Bluff formation conformably overlies the Yucca. 
The contact between the two formations is distinctly marked by the 
sudden change from thin beds of limestone and shale near the top of 
the Yucca to massive beds of gray arenaceous limestone in the Bluff. 


Age and correlation—The age of the Yucca formation cannot be 
determined directly because it carries no identifiable fossils. Fragments 
of pelecypods, many of which are apparently exogyras, are present but 
cannot be specifically identified. According to Adkins (1932, p. 296), 
Arca, Ostrea, and caprinids are reported from the Yucca, but no fossils 
definitely referable to these forms were found during the survey for 
this report. However, inasmuch as the overlying Bluff formation is 
of Glen Rose age, as will be shown later in this paper, the Yucca is 
probably of Lower Trinity age. 

As the Las Vigas (?) formation lies beneath the Glen Rose in the 
Malone Mountains (Albritton, 1938) and is similar lithologically to 
the Yucca, the writer believes that it is the same as the Yucca. There- 
fore, the Yucca is younger than the Torcer formation (basal Trinity) 
which underlies the Las Vigas (?) in the Malone Mountains. 

In the southern part of the Quitman Mountains (Fig. 2) the Cuchillo 
formation is stratigraphically between the Las Vigas and the Glen Rose. 
The Las Vigas in that region is similar lithologically to the Yucca, and 
the Cuchillo does not differ too greatly from the Yucca but carries fossils 
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not found in the Yucca (Gayle Scott, personal communication). Both 
the Las Vigas and the Cuchillo may be equivalent to the Yucca (Fig. 4), 
The last-named formation represents a marginal facies deposited near 
shore as the sea spread over the region. Most of the Las Vigas in the 
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Ficure 4—Diagrammatic section showing relations of strata from Tabernacle Moun- 
tain to southern part of Quitman Mountains 


Showing thickening of Lower Cretaceous formations from north to south. (Thicknesses in Quitman 
Mountains from Gayle Scott.) 


southern Quitman Mountains probably represents a similar facies and 
was deposited earlier than the Yucca in the Devil Ridge area. Then, 
by the time the sea had advanced into the latter region the upper part 
of the Las Vigas and later the Cuchillo strata were being deposited. 


Origin.—The presence of chert-, quartz-, and limestone-pebble con- 
glomerates and of quartzite and sandstone with some cross-bedding in- 
dicates that the Yucca represents a neritic depositional facies. Red 
and calcareous shale and sandstone are also typical neritic deposits 
(Twenhofel, 1932, p. 862-863). The Yucca was deposited near shore 
and is actually a marginal facies as will be shown in the following 
paragraphs. 

Quartz-pebble conglomerates are restricted to the Red Hills, and 
chert-pebble conglomerates are restricted to the Red Hills and Back 
Ridge, although some chert pebbles are scattered through the Yueca 
formation along the northeastern side of the area. The total limestone 
thickness is about 200 feet less in the thicker section in the Red Hills 
than to the north. The Yucca deposits in the southeastern and southem 
parts of the region must have been derived from the south or southeast; 
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otherwise, some quartz pebbles should be included in the formation in 
the northeastern series of outcrops. The conglomerates are probably 
strand deposits; the lenticles in which the chert-pebble conglomerates 
are found suggest that they were formed in the littoral zone. All the 


Ficure 5.—Palinspastic map of part of Trans-Pecos Texas 


Showing sites of present hills restored to their relative positions previous to the thrust faulting. Sierra 
Blanche bay covered the area northwest of the dashed line. 


formation in the Red Hills cannot be older than that to the north be- 
cause the upper contact of the Yucca is about half a mile east of the 
Red Hills and not many feet higher stratigraphically than that in the 
Red Hills. 

Deposition was also taking place from the north at the same time 
as from the south. There was certainly a shore north of Devil Ridge 
because the Yucca pinches out between Devil Ridge and Tabernacle 
Mountain, 17 miles to the northeast (Fig. 2). 

As the material composing the Yucca was derived from opposite direc- 
tions, there must have been land both northeast and southwest of the 
Devil Ridge area during that time. This leads the writer to suggest 
that the beds composing the formation were deposited in a bay which 
was connected with the sea on the western side; this small arm of the 
sea will be referred to as Sierra Blanca bay (Fig. 5). 
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This embayment was approximately at the bend of the northeastem 
part of the coast, southeast of Sierra Blanca, as shown on King’s map 
(1935) locating the shore line during early Cretaceous time (Fig. 6). 
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Ficure 6—Map of Trans-Pecos Texas 


Showing advance of sea during Jurassic and Lower Cretaceous. A—Shore line in late 
Jurassic and early Cretaceous; B—shore line at close of Trinity; C—shore line at 
close of Fredericksburg. (Taken from King, 1935.) marks center of Sierra Blanca bay. 

The material in the southern part of the region was possibly derived 
from an island to the south. Unless this suggestion is supported by re- 
search in the adjoining areas the author prefers to believe that the sedi- 
ments were carried from a narrow peninsula which extended to the 
west into the sea south of the Devil Ridge area. 

To realize the conditions of the region during Yucca time it is nee- 
essary to bring into consideration the thrust faults. (See section on 
Structural Geology.) The Devil Ridge thrust along the northeastern 
extent of the area has a minimum displacement of 414 miles, and the 
Red Hills thrust along the southwestern side of the area has a minimum 
displacement of 3.2 miles (Pl. 1). As these thrusts dip southwest, the 
region of Yucca Mesa, Devil Ridge, and Love Hogback was originally 
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44, miles southwest of its present position, and the area of Back Ridge 
and the Red Hills was almost 714 miles farther southwest. During 
Yucca time the Sierra Blanca bay was possibly 24 miles or more broad 
in a northeast—southwest direction. This breadth is obtained by add- 
ing the approximately 12 miles in which the Yucca pinches out north 
of Devil Ridge, the 4 miles between the outcrops of the formation in 
the area (Pl. 1), and the 7% miles minimum displacement along the 
two thrust faults (Fig. 5). 

The extension of the bay to the east can be determined only by further 
research to prove the presence or absence of the Yucca formation east 
and southeast of the Devil Ridge area. 

The Yucca beds in the Quitman Mountains across Quitman Canyon, 
southwest of the Devil Ridge area (Fig. 2), should represent deposition 
along the southwestern side of the peninsula which was south of Sierra 
Blanca bay. The distance between the Yucca on the southwestern side 
of the Devil Ridge area and that in the Quitman Mountains may have 
been greater during the time of deposition of the strata. There are 
thrusts in the Quitman Mountains (Baker, 1927), and thrusts may exist 
beneath the alluvium in Quitman Canyon. If so, the distance between 
the two localities has been shortened since Yucca time. If the distance 
between the Yucca beds of this region was greater when they were de- 
posited, the peninsula covered a larger area than there is at the present 
time between the Quitman Mountains and Devil Ridge. 

The chert pebbles of the conglomerates were probably derived from 
the Permian rocks. In the Black Limestone member of the Permian 
Briggs formation in the Malone Mountains, Albritton (1938, p. 1755) 
reports beds of cherty limestone as much as 10 feet thick, and there 
issome cherty limestone in the Permian beneath the Cox formation at 
Tabernacle Mountain (Fig. 2). Much of the chert may have been in 
the higher part of the Permian that was removed by erosion during 
the Cretaceous. There may have been local chert beds in the Permian 
whose removal and subsequent deposition might account for the lenses 
of chert-pebble conglomerate. 

Most of the Yucca strata are composed largely of clastic material, 
although thin beds of pure limestone give evidence that at times the 
bay was largely free of clastics. 

Until more is known about the stratigraphy of the Quitman Moun- 
tains no definite conclusions can be drawn concerning the conditions 
there during the deposition of the Yucca. The shore line must have 
curved back to the southeast from Sierra Blanca bay (Fig. 5). 


BLUFF FORMATION 
Lithology and thickness —The Bluff formation, named by Taff (1890) 
for its exposure on Bluff Mesa northwest of Devil Ridge (Fig. 2), crops 
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out along the northern and northeastern slopes of Yucca Mesa and Front 
Ridge and on Love Hogback (PI. 2, fig. 2). These strata form numerous 
small cliffs up to 50 feet high. 

The formation consists mainly of alternating beds of gray limestone 
and brown and gray sandstone, with the limestone greatly predominating, 
Few strata of either limestone or sandstone are pure, and in many places 
there is little choice between calling a bed an arenaceous limestone or a 
calcareous sandstone. Beds of gray odlitic limestone 2 feet thick lie ap- 
proximately 600 feet above the base of the formation. 

Two prominent zones of the foraminifer Orbitolina terana are about 
80 feet and 800 feet above the base of the Bluff formation. In the lower 
zone the tests of Foraminifera form the bulk of the thin strata in which 
they are found, and in the upper zone the tests form beds 2 to 3 feet thick 
that are found at intervals through a stratigraphic range of 100 to 150 
feet. 

Brown to white, medium- to coarse-grained quartz sandstone and 
quartzite are interbedded with some of the calcareous rocks. A few 
of these layers have poorly developed cross-bedding, which has a tendency 
to be concave upward and thus indicates that the beds are right side 
up. Beds of purple and gray quartzite, 1 to 2 feet thick, are rare. 

A few thin layers of yellowish arenaceous shale are interbedded with 
thin gray limestone beds in the upper part of the formation. 

The Bluff formation varies in thickness between 1369 and 1080 feet 
in the Devil Ridge area. In general the decrease in thickness is to the 
southeast. 


Stratigraphical relations.—The Bluff formation is in conformable con- 
tact with the Yucca formation below and the Cox formation above it. 
As the sea was apparently continuously advancing over this area during 
Lower Cretaceous time, the Bluff probably overlaps the Yucca to the 
northeast. This overlap, however, can be for only a short distance be- 
cause both formations pinch out between Devil Ridge and Tabernacle 
Mountain, 17 miles to the northeast (Fig. 2). 


Age and fossils —The Glen Rose age of the Bluff is indicated by the 
fact that the formation carries Orbitolina terana. Other Glen Rose 
fossils are present, although most of them are so poorly preserved that 
specific identifications are difficult or impossible. Numerous limestone 
beds are very fossiliferous, but many of the forms are visible only in 
sections. 

Most of the fossils in the following list were collected from the upper 
Orbitolina texana zone, about 800 feet above the base of the formation: 
Orbitolina terana (Roemer), Haplostiche texana Conrad, Anomalina sp., 
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Porocystis globularis (Roemer), Heteraster obliquatus (Clark), Diplo- 
podia ? taffi Cragin, Cyprimeria sp., Exogyra terana Roemer, Exogyra 
sp., Protocardia cf. texana (Conrad), Protocardia ef. stonei Cragin, Pec- 
ten sp., Ostrea sp., Artica cf. roemeri (Cragin), Artica sp., Isocardia ? 
medialis (Conrad), Isocardia ? sp., Cardium ? sp., Pholadomya knowl- 
toni Hill, Pholadomya sp., Homomya ? sp., Cucullaea (Idonearca) ? 
terminalis Conrad, Cucullaea ? sp., Modiola branneri Hill, Trigonia cf. 
stolleyi Cragin, Trigonia sp., Tapes sp., Tapes ? sp., Requienia sp., Ana- 
tina sp., Nerinea incisa (Giebel), Nerinea sp., Lunatia ? pedernalis Hill 
(not Roemer), Natica ? pedernalis Roemer, Natica ? sp., Amauropsis ? cf. 
pecosensis Adkins, and T'ylostoma ? sp. 


Origin.—By Bluff time the sea had advanced to the north and north- 
east, and Sierra Blanca bay, which had affected the deposition of the 
Yucca strata, no longer existed. The Bluff beds represent a marginal 
marine facies. 

There was little change in the factors controlling deposition during 
Bluff time. The principal variation was in the relative amounts of cal- 
careous and arenaceous materials deposited. 

As the Bluff formation thins to the southeast and the Cox formation 
thickens in the same direction, the strata of these formations may be 
equivalent in part. 

COX FORMATION 


Lithology and thickness—Richardson (1904, p. 47) named the Cox 
formation from the section exposed at Cox Mountain (an alternate name 
for Tabernacle Mountain, Fig. 2). The formation crops out in the Devil 
Ridge area along the hogback of Devil Ridge (PI. 4, fig. 1) and in the 
middle of a small anticline on Back Ridge (PI. 1). 

The Cox consists almost entirely of fine- to medium-grained, white to 
brown sandstone and quartzite, which weather white to brown and slightly 
reddish. The beds average between 2 and 5 feet in thickness and reach 
amaximum of 10 feet. Small reddish-yellow limonite stains are common 
in the sandstone. Richardson (1904, p. 47) attributed these spots to the 
weathering of small pyrite nodules. The stains vary in diameter from 
one-tenth to four-tenths of an inch. They are larger in the sandstone 
on Sand Mountain than elsewhere. The strata are harder, more quartz- 
itic, and finer-grained on Devil Ridge than on Sand Mountain and Flat 
Mesa, 2 miles north of Sierra Blanca (Fig. 2). The sandstone beds are 
composed of subangular to well-rounded quartz grains. 

Cross-bedding is common in the Cox formation, and there are ripple 
marks in a few places (PI. 3, figs. 1,2). The thin restricted cross-bedding 
in the Devil Ridge area contrasts sharply with the coarse cross-bedding 
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of Flat Mesa. Except on the overturned north limb of the Back Ridge 
anticline (see section on Structural Geology) the cross-bedding in the 
Devil Ridge area is concave upward showing that the beds are right 
side up. The ripple marks, mainly restricted to Sand Mountain, have 
wave lengths of 1 to 2 inches. They are usually partially destroyed by 
weathering, but the troughs are broad and flat indicating that the sharp 
crests point upward and that the beds are right side up. 

Gray arenaceous limestone strata, which carry some fragmentary 
fossils, have a total thickness of about 20 feet in the Cox. 

A few thin beds of yellow and reddish arenaceous shale are poorly 
exposed between the quartzite strata. 

The thickness of the Cox varies between 557 feet south of Yucca Mesa 
and 1066 feet at Station 8 (Pl. 1). The formation thickens rapidly from 
557 feet to 1043 feet at Station 6 about 134 miles to the southeast. Where 
the beds are only 557 feet thick the contacts with the formations above 
and below are the normal sedimentary ones, and there is no evidence 
of faulting within the formation. Consequently, the change in thickness 
is the result of conditions existing at the time of deposition. 


Stratigraphical relations—The Bluff formation below and the Finlay 
formation above are in conformable contact with the Cox. 


Age and correlation—The Cox formation probably ranges in age from 
the upper part of the Glen Rose through the Lower Fredericksburg. As 
the lowest part of the Cox seems to grade northwestward into the upper 
part of the Bluff, the Cox may be in part Glen Rose. Dr. Gayle Scott 
(personal communication) found that the Glen Rose in the southern part 
of the Quitman Mountains contains progressively greater amounts of 
sandstone. He suggests that these beds possibly correspond to the Paluxy 
formation of other areas. Part of the Cox may then be correlated with 
these strata. 

Near Station 7 on Devil Ridge (Pl. 1), approximately 650 feet above 
the base of the formation, three fragments of Engonoceras were collected 
from a thin arenaceous limestone bed. In a communication to the writer, 
dated April 25, 1938, Dr. Scott says: 

In all the specimens of ammonites that I have collected from widely separated locali- 
ties in the Trinity I have never found a true Engonoceras. Whereas these forms are 
particularly abundant in the Fredericksburg. 

At about the same horizon there are numerous Actaconella texana which 
are also typical Fredericksburg fossils. Therefore, the upper 450 feet of 
the formation is probably Fredericksburg in age. 

Fossils collected principally from thin limestone beds about 600 to 700 
feet above the base of the Cox in the area between Stations 6 and 8 on 
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Devil Ridge (Pl. 1) include the following: Heteraster ? sp., Exogyra cf. 
tarana Roemer, Ezxogyra sp., Pholadomya ? sp., Protocardia sp., 
Requienia ? sp., Actaeonella texana (Roemer), Tylostoma ? sp., and 
Egonoceras sp. 


Origin—Although the Cox formation consists chiefly of sandstone and 
quartzite, there are important changes in facies from north to south in 
the Sierra Blanca region (Fig. 2). This is not shown so clearly in the 
Devil Ridge area but it is evident if Flat Mesa and Tabernacle Mountain 
are considered. 

Within the Devil Ridge area the sandstone on Sand Mountain is 
coarser than that on Devil Ridge, and cross-bedding and ripple marks 
are coarser and better developed. On Tabernacle Mountain, 17 miles 
northeast of Devil Ridge (Fig. 2), the Cox sandstone is much coarser 
and has quartz pebbles, as much as 11% inches in diameter, scattered 
through the beds or in thin conglomeratic layers. The formation is 
similar on Flat Mesa but not so coarse. At Tabernacle Mountain and 
Flat Mesa cross-bedding and ripple marks are better developed than in 
the Devil Ridge section. The two former regions probably represent 
nearer shore facies. 

The thickness of the Cox on Tabernacle Mountain, where it rests 
unconformably on the Permian limestone, is 548 feet as compared with 
the maximum of 1066 feet at Devil Ridge. The base of the formation is 
not exposed at Flat Mesa, but 225 feet of the Cox crops out there, and to 
be consistent with the thinning of the beds to the north the thickness is 
probably about 500 to 550 feet. The thinning of the Cox to the north 
accords with the fact that the shore line was north of the Devil Ridge 
area during that time. Adkins (1932, p. 354) reports 1895 feet of Fred- 
ericksburg sandstone at Sierra Prieta, 33 miles north of Devil Ridge, and 
locates the shore line at least 35 miles north of Devil Ridge during late 
Trinity and early Fredericksburg time. Probably much of the Cox in 
the Sierra Blanca region was deposited when the shore was south of 
Sierra Prieta. 

Inasmuch as the Cox rests on the Permian limestone at Tabernacle 
Mountain and to the north, it overlaps the Bluff formation which pinches 
out between Devil Ridge and Tabernacle Mountain. 

The thinning of the Cox from 1043 feet at Station 6 on Devil Ridge 
(Pl. 1) to 557 feet south of Yucca Mesa and to 548 feet at Tabernacle 
Mountain indicates that there must have been a deeper depositional basin 
around Devil Ridge. As mentioned previously, a small part of the 
thinning of the Cox to the northwest may be because it is replaced by the 
upper part of the Bluff formation. A basin deep enough to account for 
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the rest of the thinning required a slope of about 4 degrees between 
Stations 14 and 6 on Devil Ridge (Pl. 1). The bend in the strike of the 
beds on Yucca Mesa easily accounts for the change which would have 
been produced by such a basin; the beds strike more to the west along 
Yucca Mesa than they do along the ridge to the east. (See Plate 1.) 

That the Cox sandstone is a shallow-water deposit is manifested by the 
following considerations: 

(1) Much of the sandstone, particularly that in the region north of 
Devil Ridge, is very coarse-grained. 

(2) Cross-bedding is prominent in the sandstone over the entire area. 

(3) Ripple marks of small wave lengths are found at Sand Mountain 
and in the area to the north. 


FINLAY FORMATION 


Lithology and thickness ——From the outcrops in the Finlay Mountains, 
Richardson (1904, p. 47-48) named the Finlay formation. In the Devil 
Ridge area (Pl. 1) the Finlay is exposed along the southwestern border 
of Devil Ridge (PI. 4, fig. 1), on the northeastern side of the Red Hills 
and Back Ridge, on Sand Mountain, and in small scattered outcrops 
northeast of Devil Ridge. 

The Finlay is uniform in all exposures. It is composed of gray lime- 
stone, either pure or slightly arenaceous, and the strata crop out ina 
series of small cliffs, some of which are 20 to 25 feet high. The limestone 
beds are much more nodular than in the other formations. The calcareous 
nodules, 6 to 8 inches long, are usually near the base of small cliff-forming 
beds. 

There is about 5 feet of brown calcareous sandstone in the Finlay. 
These thin arenaceous strata pinch out in short distances. 

The total thickness of the Finlay cannot be determined in the Devil 
Ridge area as in no place is the top of the formation exposed. The 
maximum measured thickness of 346 feet in the vicinity of Station 14 
(Pl. 1) is probably near the total. 


Stratigraphical relations—The Finlay rests conformably on the Cox 
formation, but the contact between the Finlay and the overlying beds is 
not visible in the area. At Flat Mesa (Fig. 2) 104 feet of Kiamichi rests 
conformably on the Finlay. No Kiamichi is exposed in the Devil Ridge 
area, but some of it could be beneath the alluvium-covered zone between 
the northern Finlay outcrops and the Washita in the eastern part of 
the region. The Washita rests on the Kiamichi, and these strata are 
presumably conformable, for no account in the literature mentions an 


- unconformity between the Fredericksburg and the Washita in this part 
of Texas. 
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Ficure 1. Cox anp ForRMATIONS 
Hill of Station 14 (PI. 1); limestone strata of the Finlay formation are exposed on the hill. 
Cox beds on the backslope of Devil Ridge are in the foreground. 


Figure 2. Basin 
Basin fill in Goat Arroyo east of Judge Love Ranch (PI. 1). 


Ficure 3. Siti 
Rhyolite porphyry sill resting on Eagle Ford shale which it intrudes. 


COX AND FINLAY FORMATIONS; BASIN FILL; SILL 
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Ficure 1. Drac Foups 
North of the southeast end of Love Hogback; drag folds in thin-bedded Eagle Ford sand- 
stone north of the Devil Ridge thrust. Folds are asymmetric to the northeast (to the left 
in the figure). 


Ficure 2. Rep Hitts Tarust AND OVERTURNED ANTICLINE 
Looking northwest on Back Ridge; the overturned Back Ridge anticline with the south- 
west limb cut across by the Red Hills thrust (heavy line). The thrust dips to the southwest 
and emerges at the arrow. 


Ficure 3. Sticinc ALonc Rep Turust 
Crest of Back Ridge anticline cut by slicing in the zone of the Red Hills thrust; limestone 
in the Finlay formation. 


DRAG FOLDS AND RED HILLS THRUST FAULT 
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Age and correlation—The Finlay formation is Fredericksburg in age 
as it carries Orbitolina walnutensis.1_ The principal Orbitolina bed, about 
3% feet thick, is approximately 220 feet above the base of the formation. 

In Hudspeth County the Finlay covers considerable area. It is well 
exposed on Flat Mesa, on the Diablo Plateau north of Sierra Blanca 
Mountain, in the Finlay Mountains, and at Tabernacle Mountain. The 
sections at these localities are thinner than at Devil Ridge. South of 
Indian Hot Springs in the southern part of the Quitman Mountains 
(Fig. 2) Dr. Gayle Scott (personal communication) found above the 
Glen Rose massive Fredericksburg limestone strata overlying yellow marl 
and limestone; he says the marl may be Walnut. The marl is possibly 
equivalent to the Cox, and the limestone, to the Finlay. 

The fossils, many of which are poorly preserved, in the Finlay include 
the following: Orbitolina walnutensis Carsey, Haplostiche texana (Con- 
rad), Heteraster cf. texanus (d’Orbigny), Holectypus planatus Roemer, 
Tetragramma ? sp., Exogyra texrana Roemer, Exogyra sp., Gryphea cf. 
marcoui Hill and Vaughan, Pecten (Neithea) texranus Roemer, Protocardia 
terana Conrad, Protocardia sp., Tapes ? chihuahuensis Bose, Cardium ? 
subcongestum Bose, Pleuromya sp., Engonoceras ? sp. (small fragments), 
Nerinea incisa (Giebel), Tylostoma ? chihuahuensis Bose, Natica ? 
terana Conrad, Natica ? sp., and Amauropsis pecosensis Adkins. 


Origin —The Finlay formation represents a neritic facies, but its strata 
were deposited farther offshore than any of the older formations of this 
area. The thickness of the Finlay increases regularly from north to south 
in Hudspeth County; it is 86 feet thick at Tabernacle Mountain, 115 
feet thick at Flat Mesa, and more than 346 feet thick at Devil Ridge 
(Fig. 2). It was deposited on a gently sloping sea floor. If the slope 
northward from Tabernacle Mountain is approximately the same as it 
is south toward the latitude of Flat Mesa, the Finlay pinches out about 
12 to 15 miles north of Tabernacle Mountain. Hence, the shore line 
during Finlay time was approximately 30 miles north of Devil Ridge. 

Adkins’ section at Sierra Prieta (1932, p. 354), 33 miles north of Devil 
Ridge, shows no Finlay between the Kiamichi and the Cox (?). If this 
is really Cox, the Finlay wedges out south of Sierra Prieta, indicating a 
slight regression of the sea during Finlay time unless the farthest north- 
ward sandstone of the Cox represents a continental facies which grades 
southward into the marine facies. 

KIAMICHI FORMATION 

Lithology and thickness—The Kiamichi formation does not crop out 

in the Devil Ridge area but is exposed north of Flat Mesa and on Taber- 


‘Mrs. Helen Jeanne Pl in a ec ication to the writer (March 8, 1938) says that 
Orbitolina walnutensis has been reported from lower Edwards, Comanche Peak, Goodland, and Walnut. 
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nacle Mountain (Fig. 2). The Kiamichi is composed of thin-bedded 
brown sandstone and yellowish-brown sandy shale. It carries numerous 
fossils, including Gryphea, Trigonia, Pecten, Parasmilia, and ammonites, 
North of Flat Mesa the measured thickness is 104 feet, but the top is 
not exposed. 

WASHITA GROUP 


Lithology and thickness—The Washita group crops out in long, low, 
narrow ridges in the eastern part of the area and in broad low hills south- 
west of Grayton (Pl. 1). 

Most of the Washita rocks are almost pure dense gray limestone; they 
are in thin beds and in places have small calcareous nodules. The 
arenaceous strata range from fine- to coarse-grained. Four hundred and 
eighty feet below the top of the formation there is about 100 feet of buff 
marly limestone beds which weather buff and yellowish; these strata crop 
out in a series of alternating hard and soft layers 2 to 5 feet thick and 
carry numerous fossils. 

There is about 85 feet of brown sandstone, which is partly quartzitic 
and calcareous sandstone in the Washita beds. A few shale layers are 
interbedded with the limestone. 

The measurable thickness of the Washita strata is 1021 feet, but the 
base is not exposed. 


Stratigraphical relations —As mentioned in the discussion of the Finlay 
formation, the Washita beds probably rest conformably on the Kiamichi 
formation which is conformable on the Finlay. 

The Washita is also in conformable contact with the overlying Eagle 
Ford formation of the Upper Cretaceous. At the contact thin beds of 
nodular dense gray limestone of the Washita underlie thin-bedded, 
arenaceous, slightly calcareous, gray Eagle Ford shale which is overlain 
by black fissile shale. 


Age and fossils —Fossils are not abundant enough to allow subdivision 
of the group into formations corresponding to those in northeastern 
Texas; nor can any satisfactory subdivision be made on the basis of 
lithology, as the rocks are similar through the entire group in this area. 
The fossils show that most of the beds are Georgetown and that the upper- 
most are possibly Grayson. 

Most of the fossils in the following list collected from the Washita 
were found in the marly zone about 480 feet below the top of the forma- 
tion: Orbitolina sp., Haplostiche terana (Conrad), Porocystis sp., Hete- 
raster bravoensis (Bése), Holectypus limitis Bose, Holectypus transpeco- 
sensis Cragin, Holectypus planatus Roemer, Salenia texana Credner, 
Pedinopsis symmetrica Clark, Leptarbacia argutus Clark, Tetragramma? 
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streeruwitzt (Cragin), Holaster sp., Macraster obesus (Adkins), Macras- 
ter aguilerae (Bose), Cottaldia ? sp., Pecten (Neithea) texanus Roemer, 
Pecten (Neithea) subalpinus Bose, Pecten cleburnensis Adkins and 
Winton, Lima wacoensis Roemer, Lima ? sp., Alectryonia quadriplicata 
(Shumard), Alectryonia sp. cf. marcoui (Bose), Inoceramus comanche- 
anus Cragin, Gryphea ef. corrugata Say, Exogyra aff. plexa Cragin, 
Pinna guadalupe Bose, Protocardia texana (Conrad), Protocardia aff. 
multistriata Shumard, Protocardia sp., Cardium subcongestum Bose, 
Cardium ? sp., Cardita ? wenoensis (Adkins), Pholadomya ? sancti-sabae 
Roemer, Pleurotomaria ef. austinensis Shumard, Cyprimeria cf. washita- 
ensis Adkins, Trigonia aff. emoryi Conrad, Tapes ? sp., Plicatula sub- 
gurgitis Bose, Kingena wacoensis (Roemer), Turritella ef. seriatus-granu- 
lata Roemer, Turritella sp., Anchura mudgeana White, Cinulia Washita- 
ensis Adkins, Tylostoma ? elevatum Shumard, Nerinea aff. texana 
Roemer, Globiconcha sp., Volutilithes ? sp., Cymatoceras aff. texranum 
(Shumard), Turrilites ef. brazoensis Roemer, Nautilus sp., Engonoceras 
serpentinum (Cragin), Pervinquieria wintoni (Adkins), and shark teeth 
(Ptychodus and Coraz). 


Origin—The Washita strata were deposited much farther offshore 
than any of the earlier sediments of the Devil Ridge area. Equivalent 
beds are at Sierra Prieta and the Cornudas Mountains in northern 
Hudspeth County (Adkins, 1932, p. 362). A comparison of the Finlay 
and Washita limestone beds shows that the latter are purer, suggesting 
that they were deposited where less clastic material was available. 


UPPER CRETACEOUS SERIES 
EAGLE FORD FORMATION 


Lithology and thickness—The beds of the Eagle Ford formation crop 
out in the flat area north of Goat Arroyo east of the Judge Love Ranch 
and for a short distance into the hills to the north (PI. 1). 

Shale and sandstone and a few thin beds of white chalky limestone 
compose the Eagle Ford formation in the Devil Ridge area. The black 
fissile shale weathers dark blue to black and in places yellow. Over most 
of the outcrops the shale is calcareous and, although it is in thin layers 
which break apart readily, it does not crumble so easily as the less 
talcareous shale. It carries small crystals and thin seams of gypsum 
and has a bituminous odor when freshly broken. Most of the shale is in 
the lower 700 feet of the formation and becomes more sandy strati- 
graphically upward. 

Most of the upper 450 feet of the Eagle Ford is sandstone, which varies 
in color from light grayish-brown to dark brown and is medium-to fine- 
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grained and quartzitic. Some beds carry arenaceous nodules; others are 
calcareous. Small ripple marks have their sharp crests upward indicating 
that the beds are right side up. 

Thin layers of white chalky limestone compose a few feet of the thick- 
ness in a zone between 700 and 850 feet above the base of the formation, 

The measured thickness of the Eagle Ford is 1419 feet. The top is 
not exposed as the beds are covered along Goat Arroyo east of the Judge 
Love Ranch, and north of Love Hogback the strata are cut off by the 
Devil Ridge thrust (Pl. 1). 


Age and correlation—The Eagle Ford is near the base of the Upper 
Cretaceous. The shale is similar to that of East Texas, but the actual 
correlation of the strata as Eagle Ford is based on the fossils. Giimbelina 
moremani, a typical Eagle Ford foraminifer, is near the base and also near 
the top of the formation as exposed in the Devil Ridge area. The follow- 
ing fossils were collected from the Eagle Ford: Giimbelina moremani 
Cushman, Globigerina cretacea d’Orbigny, Planulina n. sp., Inoceramus 
labiatus Schlotheim, Ostrea sp., Artica ? sp., Pecten ? sp., Gyrodes 
conradi Meek, Glauconia ? sp., Turritella sp., ammonite fragments (un- 
identifiable), and Ptychodus. 

The Chispa Summit formation of the Chispa Summit-San Carlos 
Mountains area to the east is correlated with the Eagle Ford as are the 
Boquillas flags of Pecos County and the Big Bend country (Adkins, 
1932, p. 271). 


Origin ——As indicated by the presence of the shale much fine clastic 
material was introduced into the sea during Eagle Ford time and was 
followed by coarser material which formed the sandstone of the upper 
part of the formation. The few thin beds of limestone show that seldom 
was the sea free enough of clastics to allow the deposition of almost pure 
limestone. There was considerable calcareous matter in the sea nearly 
all the time as most of the shale and much of the sandstone are calcareous. 


CENOZOIC SYSTEM 
BASIN FILL 


Lithology—The alluvial material eroded from the hills and deposited 
in the valleys around Devil Ridge is classified as basin fill, exposures of 
which are poor. It consists of fine and coarse sand and gravel (PI. 4, 
fig. 2). The gravel is composed mainly of limestone pebbles and cobbles, 
which attain diameters of several inches and locally almost a foot. The 
amount of gravel in the fill decreases to the south along Goat Arroyo at 
the eastern end of Love Hogback (Pl. 1), and in the same direction the 
percentage of sand increases. On the surfaces of the slopes near the hills 
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the change in texture is not so distinctive except within a few hundred 
feet of the hills, where the fill grades rapidly from coarse to fine. 

Along many small rills where most of the fine sand has been removed 
the limestone phenoclasts are cemented by caliche. 


Thickness and structural relationship to underlying rocks.—The total 
thickness of the basin fill is not known, but minimum figures are avail- 
able for Eagle Flat. At Hot Wells on the Southern Pacific Railroad, 17 
miles southeast of Grayton (Fig. 2), a well was drilled 1000 feet without 
reaching bedrock; the Love Well north of Devil Ridge (Pl. 1) was drilled 
slightly more than 1000 feet without striking bedrock; and the town well 
of Sierra Blanca drilled just south of the Southern Pacific Railroad north- 
west of Station 2 on Sand Mountain (Pl. 1) penetrated 800 feet of basin 
fill without reaching bedrock. 

The basin fill rests with angular unconformity on the bedrock of the 
hills. Pediment gravel, as in the area of the broad gently sloping region 
southeast of Yucca Mesa, is conformably related to the fill in the basin. 


Age.—The basin fill cannot be definitely dated as it contains no fossils. 
It is probably the same age as similar material in the Malone Mountain 
area, 20 miles to the west, and Albritton (1938, p. 1769) concludes that 
the fill there may be considered late Tertiary. 

In Eagle Flat the filling has certainly continued to the present time. 
Then the basin fill may be said to range in age from late Tertiary to the 
present. 

IGNEOUS ROCKS 

Description—The igneous rocks of the Devil Ridge area are rhyolite 
sills and dikes with small dikes of trap rock. These intrusions, of which 
the sills predominate, cut the Washita and Eagle Ford strata. 

The thickest sill, a rhyolite porphyry 54 feet thick, intrudes the Washita 
at the eastern edge of the area (Pl. 1). It is white and weathers white to 
light brown. In a groundmass of an intimate mixture of microscopic 
quartz and alkali feldspar there are phenocrysts of small well-formed 
trystals of quartz, albite-oligoclase, and biotite. The phenocrysts form 
about 40 per cent of the rock. 

A similar but finer-grained sill containing fewer quartz phenocrysts 
intrudes the Eagle Ford shale (PI. 4, fig. 3). Along the basal contact the 
thale is slaty in places and has been crumpled into numerous small folds. 
There is also a brecciated zone, a foot wide, along a part of this contact. 
Other small similar rhyolite sills have intruded the Washita beds north- 
tast of Station 19 on Front Ridge (PI. 1). 

Dark-green trap dikes, seldom over a foot thick, cut the Washita and 
Eagle Ford strata. 
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Age.—As regards the Devil Ridge area, it can be concluded only that 
the igneous rocks are post-Eagle Ford and pre- basin fill in age. Professor 
C. L. Baker (personal communication) believes that the volcanics of 
the Eagle Mountains, with which those in the Devil Ridge area are 
associated, are late Tertiary, probably Pliocene. 


STRATIGRAPHIC SECTIONS 


The numbers of the following sections correspond with traverses 


located on Plate 1. 
Section 2 


(Descending order) 
(Yucca Mesa—Stations 16, 17, and 14, Pl. 1) 


LOWER CRETACEOUS 
Thickness 
Finlay formation in feet 
187. Dense gray limestone, nodular at the base, weathering gray; becomes 
sandy toward the top. Carries Pecten, Protocardia, Exogyra, and 
186. Poorly exposed; thin-bedded gray limestone......................... 11 
185. Same as bed 187; cliff-former at base of Station 14................... 43 
183. Alternating 4 feet thick beds of dense gray limestone and gray nodular 
os limestone ; forms cliff and ledge. Carries Pecten, Protocardia, Exogyra, 
or gastropods, and echinoids; the fossils are fragmentary and scarce...... 28 
182. Poorly exposed; thin-bedded gray 155 
Mes 177. Dense, gray limestone, nodular at the base, weathering gray; forms 
small ledge. Carries fragments of Protocardia and gastropods........ 5 
176. Poorly exposed ; thin-bedded gray limestone......................... 9 
175. Dense, gray limestone weathering gray; nodular in the lower part. 
174. Gray, coarsely crystalline limestone weathering buff to brown. Carries 
numerous fossil fragments, 15 
173. Gray, caleareous, quartzitic sandstone weathering brown............. 55 


172. Poorly exposed; some very thin limestone and calcareous sandstone 


171. Dense, gray, nodular limestone weathering gray. Carries Exogyra 
170. Poorly exposed; some thin-bedded sandstone and limestone.......... 28.5 
168. Brownish-gray, coarse limestone weathering brown. Carries small 
Cox formation 
166. Light brown quartzite weathering brown.........................-5- 1 
165. Thin-bedded white and light-brown quartzite weathering brown....... 19.5 
164. Very light-gray to white quartzite weathering light brown; thin lamina- 
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STRATIGRAPHIC SECTIONS 


. Gray, very calcareous sandstone weathering buff to brownish with a 


. Gray, arenaceous limestone weathering light gray. Carries some fossil 


Conglomerate of small limestone pebbles with a sandy matrix; 


. Poorly exposed; alternating thin beds of white to light-gray quartzite 


. Poorly exposed; thin-bedded brown and white quartzite.............. 
. Very light-gray to white quartzite weathering light brown; laminated; 


. Purple and green quartzite weathering brown; has some thin purple 


. Unexposed; probably thin 


. Light-green, very hard quartzite weathering dark brown; slightly 
. Very light-gray to white quartzite weathering light brown; some soft 


. Poorly exposed; thin-bedded, white and red quartzite................ 
. Very light-gray to white quartzite weathering light brown; slight ridge- 


. Poorly exposed; thin-bedded 
. Very light-gray to white quartzite weathering light brown; in places 


. Gray quartzite with some green tints, weathering light brown......... 
. Poorly exposed; thin-bedded 
. Light-gray to white quartzite weathering lighter gray to light brown; 


. Fine pebble limestone conglomerate with sandy matrix weathering 


gray. Lower part of white quartzite. Conglomerate pinches out to the 


Bluf formation 


141. 
140. 
139. 


138. 
137. 


Very poorly exposed; some yellowish shale and gray arenaceous lime- 
Greenish-gray, arenaceous limestone weathering brown with a green 
Light-gray quartzite weathering 
Poorly exposed; thin beds of gray nodular limestone................. 
Gray limestone with small limestone nodules; weathers gray. Carries 


. Poorly exposed; thin-bedded arenaceous limestone................... 
. Gray, slightly arenaceous limestone weathering gray. Upper part forms 


. Poorly exposed; thin-bedded, gray, arenaceous limestone............. 
. Interbedded 1- foot thick beds of gray arenaceous limestone weathering 


brown, and light-gray to yellowish shale. Upper limestone is more 
sandy ‘and coarsely laminated. Some of the lower limestone beds carry 


. Gray, highly calcareous sandstone, weathering brownish gray, thinly 


. Three 2- to 2%4-foot beds of dense, gray, slightly nodular limestone 


weathering gray with interbeds of gray shale weathering gray. Shale is 
poorly exposed. There are some fossil fragments..................... 
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. Thin-bedded, gray shaly limestone weathering light gray. Carries 


Protocardia and other pelecypod fragments.......................... 


. Thin-bedded, gray, highly calcareous sandstone weathering gray, and 


gray arenaceous shale weathering 


. Thin-bedded (4 to 8 inches thick), dense, gray limestone weathering 


. Extremely thin-bedded (%4 to % inch thick), gray, arenaceous lime- 


. Gray, arenaceous limestone weathering buff. Forms ledge over the 


. Gray, caleareous, shaly sandstone weathering gray; has a nodular 


. Very light-gray, calcareous sandstone weathering light brown; it is 


almost 50 per cent calcareous and 50 per cent arenaceous material..... 


. Very thin alternating beds of light-gray shale and light-gray arenaceous 


. Light-gray, arenaceous limestone weathering buff to brownish......... 
. Light-gray shale weathering light gray.....................-..0ee0ee 
. Gray arenaceous limestone weathering gray with slightly brownish tint 
. Dark-gray limestone weathering gray. Carries Porocystis, Protocardia, 


. Thin beds of gray limestone weathering gray. Carry abundant 


Orbitolina texana with Protocardia, Porocystis, gastropods, and 


. White quartzite weathering 
. Dense gray limestone weathering light gray; in places nodular. The 


limestone is thin-bedded, with the beds varying in thickness from 6 
inches to 2 feet. There are thin beds carrying Protocardia, gastropods, 
and pelecypods; and one thin bed of rudistids, probably Requenia. 
Also carry Porocystis, Trigonia, and echinoid fragments.............. 


. Coarse- to medium-grained calcareous sandstone weathering buff. Five 


feet from the top is a thin bed of fossil fragments.................... 


. Poorly exposed; some thin beds of purplish, fine-grained calcareous 


. Gray, highly calcareous, gritty sandstone weathering buff with brown 


bands; has some small sandstone concretions about one inch in diam- 
eter. Carries many fossil fragments including Ezogyra and corals... . 


. Light brownish-gray, calcareous, fine-grained sandstone weathering 


brown; it is about 50 per cent calcareous and 50 per cent arenaceous 


. Fine- to coarse-grained calcareous sandstone weathering buff......... 
107. 


. Coarse calcareous grit and medium-grained calcareous sandstone; both 


Gray, fine-grained, calcareous sandstone weathering gray; it is almost 


weather gray. Calcareous content varies within the bed.............. 


. Gray highly arenaceous limestone, in part highly calcareous sandstone, 


. Dense gray slightly arenaceous limestone weathering buff. Carries 


. Gray, medium- to coarse-grained, calcareous sandstone weathering gray 


. Gray gritty limestone weathering light gray.......................4-- 
101. 


Dense gray limestone and gray calcareous sandstone and calcareous 
it; all weather light gray with rough surfaces. Carry many fossil 


. Gray calcareous sandstone and gray arenaceous limestone. Carry some 
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STRATIGRAPHIC SECTIONS 


Dense gray limestone, in places sandy, weathering buff. Many sections 
of pelecypods in the rock throughout with a concentrated layer of 
probably exogyras near the base. It is prominent cliff-former........ 
White quartzite and quartzitic sandstone weathering light to dark 
Purplish-gray quartzitic sandstone grading upward into coarse calcare- 
ous sandstone. Carries numerous fossil fragments................... 
Gray calcareous grit becoming finer-grained near the top; weathers 
buff; prominent cliff-former. Carries some fossil fragments ......... 
Gray, medium-grained, calcareous sandstone; in part odlitic. It has 
some small conglomeratic beds and is in places slightly fossiliferous. . . 
Gray, calcareous, coarse-grained sandstone weathering gray........... 
Gray, medium-grained, calcareous sandstone weathering buff; becomes 
Unexposed ; probably thin arenaceous limestone ..................... 
Gray arenaceous limestone weathering buff with a rough surface; 
prominent cliff-former. Carries fossil fragments throughout the bed. 
Grades upward into coarse, gray, calcareous sandstone weathering buff 
Unexposed; probably thin-bedded limestone......................... 
Same as bed 87; 4 feet from the bottom is a bed 2% feet thick com- 
posed almost entirely of shell fragments, mostly exogyras with ap- 
parently some oysters. It is a prominent cliff-former................ 


. Gray to purplish quartzite weathering light to dark rusty brown...... 
. Gray highly calcareous sandstone grading upward into gray arenaceous 


. Unexposed; probably arenaceous 


Gray arenaceous limestone weathering buff with a rough surface. Near 
the base is a bed 2 feet thick of pelecypods in section. Some shell 
Unexposed; probably arenaceous limestone......................... 
Dense gray limestone and coarsely arenaceous limestone; both weather 
light gray. Carry some shell fragments.........................0005 
Unexposed ; probably thin-bedded 


. Dense to fairly coarse gray limestone weathering buff with a rough 


surface. Carries many shells in section; mostly pelecypods and gastro- 
(Nerinea) fragments. Slightly arenaceous in part. Cliff-forming, 

ut not too prominent a cliff. It has some brown iron oxide streaks on 
Unexposed; probably thin-bedded 
Dense gray limestone, coarsely arenaceous in part, weathering buff to 
gray with a rough surface. Carries fossil fragments, mostly pelecypods 
and gastropods. It is a cliff-former but not prominently so throughout 


formation 


. Debris-covered ; probably mostly thin-bedded limestone.............. 
. Conglomerate of red and gray limestone pebbles passing downward 


into a red and gray limestone which weathers yellow and salmon red... 
Debris-covered; some scattered exposures of thin beds of gray lime- 


. Dense gray limestone weathering light creamy gray to yellow. It ap- 


pears as a series of beds with debris-cover between the beds.......... 


. Unexposed ; probably mostly thin limestone strata................... 
. Gray, very calcareous, fine-grained sandstone weathering buff to brown 
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Dense gray limestone weathering whitish gray to very light brown. It 
is somewhat nodular in the middle and lower parts. The beds form a 
Unexposed; probably thin limestone strata.......................... 


. Dense gray limestone weathering light gray with a nodular-appearing 


Unexposed; probably much red shale................. 
Purple quartzite weathering purple; some hematite. Surface glistens 
Fine-grained purple sandstone weathering brownish purple. In places 
Unexposed; probably thin-bedded limestone........................ 
Purple, fine-grained, shaly 
Gray, small limestone-pebble conglomerate weathering buff to brown. . 
Dense bright gray limestone weathering brown; the weathered surface 
has small rectangular blocks with rounded tops ..................... 
White to gray and brown quartzite weathering dark to light brown. It 


. White medium-grained sandstone weathering white to brown......... 
. Dense bright gray limestone weathering brown....................... 
51. 
. Gray arenaceous limestone weathering gray........................-- 
. Gray highly calcareous sandstone weathering buff to dark brown..... 
. Gray limestone grading upward into reddish limestone............... 
. Coarse gray quartzitic sandstone weathering brownish gray with small 


brown bands that stand out on the weathered surface................ 


. Dense gray limestone weathering gray................ 
. Limestone-pebble conglomerate grading upward into fairly coarse gray 


calcareous sandstone weathering buff to brown. Some of the sand has 


. Red limestone, in places conglomeratic with red and gray limestone 


. Limestone-pebble conglomerate grading upward into coarse and fine 


. Gray limestone grading upward into red limestone................... 
. Whitish, medium-grained, quartzitic sandstone with some iron stain- 


. Highly arenaceous, in places gritty, gray limestone weathering gray. . 
. Gray arenaceous limestone weathering brownish gray. In places it is 


conglomeratic with pebbles about a quarter of an inch in diameter... 


. Dense gray limestone weathering gray......................00000005 
. Dense red limestone weathering reddish to yellow and brown......... 
. Gray limestone weathering light brown to gray...................... 
. Dense dark-gray limestone weathering gray; it grades upward into a 


conglomeratic zone with small pebbles % to % of an inch in diameter, 
with the larger pebbles near the top.....................00cceeeeeee 


. Unexposed; probably thin-bedded limestone........................ 
. Dense dark pray limestone weathering gray.....................-05- 


Dense limestone weathering dark brown to yellow....... 


. Poorly exposed, except for one bed 3 feet thick of gray limestone 


weathering buff to brown in the center of the poorly exposed zone. 
Gray arenaceous limestone weathering gray to yellowish; it grades 


. Poorly exposed; probably very similar to bed 27..................... 
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STRATIGRAPHIC SECTIONS 


25. Dense dark gray limestone weathering gray to brownish.............. 
24. Limestone-pebble conglomerate weathering gray with some of the 
pebbles weathering yellowish tan. The pebbles average about half 
an inch in diameter, but some are as large as one inch, and some are 


angular. The bed is more resistant than those above and below...... 25 
23. Dense gray limestone weathering gray and reddish limestone weather- 

22. Limestone-pebble conglomerate with the rounded to subangular 

bbles standing out on the weathered surface. The pebbles average 

half an inch in diameter, but some are as large as 114 inches; some are 

reddish limestone and weather yellow. The matrix is gray "limestone 

weathering gray. This conglomerate grades upward into a dense gray 

limestone which grades into a conglomerate of fine angular pebbles.. 15.5 
21. Red limestone weathering yellowish-brown......................000 10 
20. Dense gray limestone weathering gray.......................0000000. 19 
19. Dense reddish-gray limestone weathering brown and yellowish brown.. 14 
18. Poorly exposed; some limestone-pebble conglomerate, with pebbles 

as large as one inch in diameter, and gray arenaceous limestone....... 68 
17. Dense light-gray limestone weathering yellow to dark brown......... 9 
16. Dense red limestone weathering buff to pink........................ 3.5 
15. Dense gray limestone grading upward into a slightly reddish limestone 

at the top; small cliff-former. The upper part is conglomeratic. The 

14. Poorly exposed ; a few thin beds of gray arenaceous limestone weather- 

13. Drake reddish limestone weathering buff to brown; it is a small ledge- 

12. Unexposed; probably thin-bedded limestone........................ 28.5 
11. Dense dark-gray limestone weathering gray........................ ~ 
9. Dense reddish limestone weathering yellowish brown................. 8 
7. Dense gray limestone weathering gray; has some chert. It grades 

upward into a light-red limestone weathering yellowish brown, which 

grades into a dense light-gray limestone weathering yellow........... 9 
5. Light reddish-brown highly arenaceous limestone weathering dark 

4. Gray limestone-pebble conglomerate weathering gray; pebbles are 

3. Dense gray limestone weathering gray and dense red limestone 

2. Poorly exposed; some thin-bedded limestone........................ 12.5 
1. Dense gray limestone weathering gray; in part it is conglomeratic with 

small limestone pebbles, %4 to % of an inch in diameter. Base not 


Section 3 
(Descending order) 
(Front Ridge and Devil Ridge—Stations 6 and 3, Pl. 1) 


LOWER CRETACEOUS 


Finlay formation 


81. Dense gray nodular limestone weathering buff to gray. It is a cliff- 
forming bed. Passes under 
. Gray impure limestone weathering gray; it is both arenaceous and 
argillaceous. Some fossil fragments are in the rock................... 
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Thickness 
in feet 
. Dense gray nodular limestone weathering buff to yellowish; carries 
some fossils as fragments. It is the first distinct cliff-forming bed of the 
Finlay formation and is divided into two strata of about equal thick- 
. Dense gray limestone weathering buff to yellowish................... 25 
. Gray arenaceous and argillaceous limestone 40 
. Gray impure limestone weathering gray; it is both arenaceous and 
argillaceous. Carries some fossil fragments, mostly pelecypods........ 19 
Coz formation 
68. White fine-grained quartzite weathering white to brown; forms cliff at 
base. Series of beds appearing as white outcrop..................... 1215 
67. — quartzite weathering in small rectangular 
66. Unexposed; probably soft sandstone....................c0ceceeeeees 15 
65. Buff quartzite weathering brown........................cccccccceess 15 
64. Buff calcareous sandstone weathering buff to yellowish................ 1 
61. Gray arenaceous limestone weathering buff to yellowish. Carries 
gastropods and pelecypods, mainly exogyras......................05. 2 
60. White fairly soft sandstone weathering brown and yellow............ 245 
59. Soft sandstone grading upward into white quartzite weathering light 
brown. The upper part is a cliff-forming quartzite. Station 6 on Devil 
58. Arenaceous limestone to highly calcareous sandstone; carries gastro- 
56. Dense dark-gray limestone weathering gray.......................0.. 1 
54. Dense gray limestone weathering buff to yellowish. Carries rudistids 
(probably Requienia), Exogyra, and other pelecypods................ 18.5 
52. White quartzite weathering light brown; cliff-forming................ 15 
50. Buff dense limestone weathering yellowish and brown; it has good 
48. Olive-green quartzite weathering greenish to brown. It is apparently 
glauconitic and contains some magnetite.......................2000- 3 
46. Quartzitic sandstone; more resistant than beds 47 and 45............. 105 
45. Unexposed; probably sandstone which is softer than the beds above 
44. Thin interbeds of white quartzite and softer white sandstone; all 
weather light brown. The top of the series is a small cliff-forming bed 
43. White quartzite weathering brownish to buff; more siliceous cement 
than in the beds below. In this quartzite there is cross-bedding which 
is concave upward showing the beds to be right side up.............. 12 
42. Poorly exposed; probably soft sandy shale.......................-.- 15 
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. Poorly exposed; probably soft sandy shale........................... 


. White quartzite with some calcareous cement and thin-bedded brown 


White quartzite ane brownish to buff; cross-bedding shows the 
White quartzite with some calcareous cement, weathering gray to 


. White quartzite weathering brownish to buff; the cement is more 


siliceous than in the beds below. Cross-bedding shows the beds to be 


. White quartzitic sandstone containing some calcareous cement, 


weathering buff to brown; cliff-forming members are within this series 


. Poorly exposed; some light pinkish-red powdery shale............... 
. White quartzite weathering buff to brown; thin-bedded; cross-bedding 


. Similar to bed 31 but it is more thinly bedded and contains less 


Bluff formation 


29. 
28. 
27. 


26. 
25. 


15. 


Dense gray limestone, in places sandy, with thin interbeds of quartzite; 
weathers gray. Carries gastropods and pelecypods................... 
Thin interbedded friable sandstone and gray nodular limestone. The 
sandstone is pink to light brown and weathers brown................. 
Gray limestone weathering light gray to brown. Carries Protocardia, 
Orbitolina texana, Porocystis, and large gastropods and _ large 
pelecypods. A few thin beds are more resistant than the other beds . 
White quartzite weathering brown to buff; cross-bedding shows the 
beds to be right side up; also thinly 
Gray arenaceous limestone weathering gray; fossiliferous i in upper 10 
feet below the contact with bed 26. Lower part carries Porocystis. . 

Gray and brownish calcareous sandstone weathering brown. Carries 
Pecten texana, Pinna, Trigonia, Protocardia, and other pelecypods and 


. Dense gray limestone weathering gray to buff with a rough surface; 


slightly arenaceous in part. Carries fossil fragments and numerous 


. Gray calcareous sandstone and arenaceous limestone. Some of the 


beds are coarse-grained, and some are odlitic. They average about 2 


. Dense gray limestone alternating with thin beds of calcareous sand- 


stone and grit. All the beds grade into each other. Some beds carry 


. Gray calcareous, medium-grained sandstone; the weathering brings 


out brown bands which are coarser than the rest of the rock and which 
stand out on the surface. Carries fossil fragments .................. 


. Gray, medium-grained, calcareous sandstone with fossil fragments. . 
. Dense gray limestone weathering buff to yellowish. Carries Orbitolina 


texana, which are particularly concentrated near the top of the bed. . 


. Gray calcareous sandstone weathering brown to gray. The coarser 


parts are more resistant and stand out as bands as much as 2 to 3 inches 
thick on the weathered surface; these bands are brown. There is some 
well-developed cross-bedding. The sandstone grades into a limestone 
Dense gray thick-bedded limestone weathering gray; carries some 


133.5 
76 
85 


627 
kness | 
Thickness 
in feet 
35 39, 

37. 
36. 
25 
) 
3 
| 
45 
125 
32 
215 
15 
1043.0 
5 
15 
61 
49 
4.5 
1 24, 
8 
2.5 
8.5 
84.5 
175 
65 
1 20 
| 
3 7 
05 
10 
5.5 17 
16 
1 
31 
31 


628 J. FRED SMITH, JR.—DEVIL RIDGE AREA, TEXAS 


13. Dense gray limestone weathering buff to slightly yellowish; becomes 


more dense from the bottom to the top. Carries rudistids............ 


Yucca formation 
12. Dense gray limestone weathering gray to yellowish red; slightly con- 
glomeratic in part with subangular limestone pebbles. Carries some 
11. Poorly exposed; red, sandy, powdery shale with thin interbeds of dense 
. Dense red to purple and gray limestone weathering buff to yellowish 
and red in the lower part; breaks with conchoidal fracture. Has some 
chert nodules and carries some 
. Poorly exposed; red, sandy, powdery shale.......................... 
Red arenaceous shale with interbeds of red and yellow mottled fine- 
grained sandstone, which carry some small limestone concretions. .... 
Dense gray limestone weathering buff to yellowish................... 
. Dense gray limestone weathering buff to yellowish; carries what appear 
. Gray, fine-grained, powdery shale. Base not exposed................ 


Section 5 
(Descending order) 
(Eastern part of Devil Ridge, Pl. 1) 


UPPER CRETACEOUS (GULF SERIES) 


Eagle Ford formation 

35. Mostly alluvium-covered; some scattered outcrops of light brownish- 
gray medium-grained sandstone. Top not exposed................... 
34. Light-brown to gray medium-grained sandstone and poorly exposed 
pray shale interbedded. It is mostly sandstone which weathers buff and 
33. Mostly thin beds of brown sandstone with some gray shale. Near the 
top is a bed 3 feet thick of dark-brown sandstone which is fossiliferous 
with gastropods and pelecypods, including a long narrow Ostrea sp. 
Ripple marks show the beds to be right side up...................... 
32. Dark-brown very fossiliferous sandstone with Ostrea fragments...... 
31. Thin interbedded light-brown to yellowish sandstone and arenaceous 
shale; all weathers yellow and brown; some gray quartzite weathering 
brown. Carries some dark-brown sandstone nodules, as much as 2 feet 

30. Gray quartzite weathering dark brown.............................. 
29. Thin-bedded, fine-grained, grayish-brown sandstone weathering brown; 
some weathers in small nodular forms..........................2.05. 
28. Poorly exposed; thin-bedded sandy shale and shaly sandstone 
weathering brown. Carries Jnoceramus and other pelecypod frag- 
ments. Some thin beds of white chalky limestone................... 
27. Thin arenaceous shale weathering yellow and some thin-bedded black 
limestone weathering buff. The shales carry many Jnoceramus sp..... 
26. Poorly exposed; shale and sandy shale. Near the top the shale 
weathers into small rounded 
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. Dark-gray shaly sandstone which is slightly caleareous................ 23.5 
. Black thin fissile shale weathering yellow. It has thin seams of 


gypsum. There is a small black slaty zone about 2 inches wide around 


. Dark-gray shaly sandstone which is slightly caleareous............... 

. Black thin fissile shale weathering yellow ........................... 42 

. Black thin fissile shale weathering very dark gray to black............ 39 
Thin-bedded black calcareous shale weathering black and gray........ 43 

. Thin-bedded black calcareous shale weathering brown................ 12.5 

. Thin-bedded black fissile shale weathering dark gray; in places slightly 


. Thin-bedded, arenaceous, slightly calcareous, gray shale weathering 


buff. Carries fragments of Exogyra and Inoceramus sp............... 


LOWER CRETACEOUS 


Washita group 


16. 


Thin-bedded dense gray limestone and beds of nodular limestone with 


. Thin beds of gray limestone which are less sandy than bed 14 below.. 146.5 
. Thin beds of gray arenaceous limestone with some interbedded shale. 


Carry numerous Pecten texana, gastropods, and other fossil fragments 45.5 


. Brown medium-grained calcareous sandstone weathering brown; fos- 
. Brown slightly calcareous quartzitic sandstone weathering brown; in 
beds 6 inches thick with some poorly exposed interbeds of shale... ... 40.5 
Gray coarsely arenaceous limestone, in beds 2 to 3 feet thick, weather- 


Interbedded dense gray limestone, in beds 2 to 3 feet thick, and shale.. 62.5 
Buff marly limestone weathering buff and yellow. Carries numerous 
Kingena sp., Holectypus limitis, Pecten texana, Pecten subalpinus, 
Ostrea quadriplicata, Haplostiche texana, nautiloid fragments, and 


. Thin-bedded gray limestone weathering gray........................ 135 
. Poorly exposed ; thin-bedded gray limestone and interbedded shale.... 71 


. Thin-bedded dense gray limestone weathering gray; some interbedded 


shale. Carry some Gryphea, Pecten, and echinoids scattered through 


STRUCTURAL GEOLOGY 


GENERAL FEATURES 


The Devil Ridge area is along the northeastern boundary of the 
Sierra Madre Oriental orogenic belt, which extends far into Mexico 
southeast of Hudspeth County, Texas. There is a sharp contrast in 
structure between this Sierra Madre belt of folding and thrusting and 
the area north of Devil Ridge in which the strata are almost horizontal 
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and broken only by normal faults. Eagle Flat serves as a convenient 
boundary between these two structural provinces (Fig. 2). 

The Devil Ridge thrust along the northeastern sides of Yucca Mesa, 
Front Ridge, and Love Hogback and the Red Hills thrust along Back 
Ridge and the northeastern side of the Red Hills are the most im. 
portant structural features of the Devil Ridge area (Pl. 1). These 
faults, which dip to the southwest, divide the area into three tectonic 
sections. The foreland is that region northeast of the Devil Ridge 
thrust, the Devil Ridge thrust block includes the area between the Devil 
Ridge and Red Hills thrusts, and the Red Hills thrust block is south- 
west of the latter fault. 

The prevailing southwesterly dip in the area is interrupted by several 
small folds. There are also numerous normal faults with small throws 
and four small thrust faults. 

THRUST FAULTS 

Devil Ridge thrust—The Devil Ridge thrust trends northwest-south- 
east and extends from the southern end of Love Hogback to north 
of Yucca Mesa and on to the northwest between Bluff Mesa and Texan 
Mountain (Fig. 2), a total distance of 18 miles; it was not traced any 
farther to the northwest toward the Quitman Mountains, although it 
evidently continues in that direction. The fault probably follows Goat 
Arroyo east of the Judge Love Ranch, but that area was not included 
in the survey for this report. 

The fault is exposed on Love Hogback 2000 to 2800 feet northwest 
of the Judge Love Ranch but elsewhere it is buried by the alluvium. At 
this exposure limestone of the Yucca formation is thrust over yellow 
arenaceous shaly limestone of the Eagle Ford formation. The Eagle 
Ford beds appear to have been slightly recrystallized beneath the thrust. 
The rocks are broken and crumpled in a zone 6 feet wide in which 
there are small drag folds overturned to the northeast. Larger drag 
folds in the Eagle Ford sandstone 75 feet northeast of the fault are 
asymmetric or overturned to the northeast (PI. 5, fig. 1). The fault dips 
54° SW. and has a stratigraphic throw of 5875 feet. From these values 
and the average dip of the strata in that section the minimum displace- 
ment along the fault is almost 414 miles. The stratigraphic throw de- 
creases to the northwest; it is about 4300 feet north of Yucca Mesa. 


Red Hills thrust—The Red Hills thrust extends along Back Ridge 
and to the southeast on the northeast side of the Red Hills. It also con- 
tinues to the northwest southwest of Bluff Mesa (Fig. 2); along this dis- 
tance it is traceable for 18 miles and probably extends farther in both 


directions. 
Although the fault crosses outcrops for a considerable distance, it is 
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poorly exposed in most places for the fault zone is debris-covered. Along 
most of this zone the Yucca has been thrust over the Finlay, but along 
the southeastern extent of Back Ridge the thrust has brought the Yucca 
into contact with the Cox formation in the Back Ridge anticline. The 
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Ficure 7—Red Hills thrust fault 


Showing Black Ridge anticline reconstructed above Red Hills thrust. Displacement along thrust 
measured from top of Cox formation (A), below thrust, to top of Cox (A’), above thrust—slightly 
less than 17,000 feet. 


thrust breaks across this anticline at Pass 12 and also 4000 feet south- 
east of Station 10 on Back Ridge (Pl. 1). As a result it has carried the 
anticline to the northeast over the syncline which is between Devil Ridge 
and Back Ridge. 

South of Station 12 the thrust dips southwest with a lower angle (22°) 
than the dip of the strata (Pl. 5, fig. 2). The stratigraphic throw is 
approximately 4000 feet. By reconstructing the Back Ridge anticline 
above the thrust it is found that the displacement along the fault is 
slightly less than 17,000 feet (Fig. 7). 

The zone of the thrust is best exposed northwest of Pass 12. At this 
locality in a zone 100 to 300 feet wide the beds are considerably dis- 
turbed. One hundred feet north of Pass 12 the Back Ridge anticline is 
broken by slicing along the thrust (PI. 5, fig. 3). To the northwest in 
4zone 75 feet wide thin beds of limestone and chert-pebble conglomerate 
are randomly oriented, abruptly truncated by other beds, and repeated 
by slicing. Slickensided surfaces are common within this zone. 
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Minor thrust faults—In the Devil Ridge area there are four small 
thrust faults, all of which are in the Devil Ridge thrust block (Pl.1). At 
the southeastern end of Love Hogback a thrust in the Bluff limestone 
has a stratigraphic throw of 25 feet, a net slip of 100 feet, and an average 
southwesterly dip of 43 degrees, although it increases to 53 degrees near 
the southwestern margin of the fault (Pl. 6, figs. 1,2). It has small drag 
folds beneath a smooth fault surface. . 

Another small southwesterly dipping thrust is 3500 feet southwest of 
Station 8 on Devil Ridge (Pl. 1). This fault, which is the result of a 
bedding break accompanying the folding of the syncline between Devil 
Ridge and Back Ridge, has a throw of 30 feet. 

A small back thrust is 1000 feet southeast of the fault mentioned in 
the preceding paragraph. It was also formed by a break accompanying 
the folding of the same syncline. 

The existence of a thrust is inferred south of the northwestern end 
of Love Hogback; it is probably a branch of the Devil Ridge thrust. 
The alluvium-covered area in which the thrust is placed is too narrow 
to allow for the total thickness of the Bluff formation in that region, 
The estimated throw of the fault is about 600 to 800 feet. 


FOLDS 


The strata in the Devil Ridge area have the same northwesterly trend 
as the hills and ridges. In the foreland area the strata strike more to 
the north than they do in the Devil Ridge block. This suggests that 
the beds form the southwestern limb of a broad northwestwardly plung- 
ing anticline which has been broken by the Devil Ridge thrust. 

The most pronounced fold in the Devil Ridge area is the Back Ridge 
anticline along the southeastern portion of Back Ridge, a part of the 
Devil Ridge thrust block (Pl. 1, Sees. C-C’, D-D’). This anticline, which 
trends N 45° W, is overturned to the northeast (PI. 5, fig. 2) and plunges 
both to the northwest and to the southeast. The overturned limb, whose 
cross-bedding indicates that the beds are overturned, has an average dip of 
about 43° SW. The dip on the southwestern normal limb of this fold 
varies between 27° and 54° SW. The southwestern limb is cut by the 
Red Hills thrust, and slicing along the thrust breaks across the axis 
of the fold north of Pass 12 (Pl. 1). This anticline is cut out entirely 
by the Red Hills thrust 4800 feet east-southeast of Station 10. 

A syncline overturned to the northeast is beneath the Red Hills thrust 
2000 feet northwest of Pass 12 on Back Ridge (Pl. 1, Sec. B-B’). This 
fold has a gentle northwesterly plunge and was probably formed by drag 
beneath the Red Hills thrust. 
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Ficure 1. Minor Turust Fautt 
Southeastern end of Love Hogback; small thrust fault (emerging at arrow) in Bluff lime- 
stone. The fault dips to the southwest (left in figure). 


Figure 2. THrust SURFACE 
Surface of thrust shown in Figure 1. 


Ficure 3. NormMat Fautt 
West side of Echo Canyon; normal fault with east side (hill spur in figure) downthrown. 
The fault at the arrow trends approximately parallel to the face of the hill side. 


MINOR THRUST FAULT AND NORMAL FAULT 
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Other small folds with low dips are in the Red Hills and Devil Ridge 
thrust blocks and in the Washita strata in the foreland. Very small 
folds are numerous in the Red Hills. 

The alluvium-filled area between Back Ridge and Devil Ridge is 
underlain by a syncline whose southwestern limb is overturned to the 
northeast and has minor folds on it. The dip of the northeastern limb, 
which forms the southwestern slope of Devil Ridge, varies between 
15° and 30° SW. 

NORMAL FAULTS 


The normal faults of the Devil Ridge area are in general oblique, with 
northwesterly and northeasterly strikes (Pl. 1). They are small faults 
chiefly in the Bluff and Yucca formations in the Devil Ridge thrust block 
and are most easily recognized along the contact between these two forma- 
tions. The normal faults mapped for this report have throws of 30 feet 
or more; there are numerous smaller ones. Some of these faults have 
narrow brecciated zones. Some of the small normal faults along the 
steep northeast slopes may be the result of landslides. 

The largest normal fault in the Devil Ridge area has a trend varying 
between N5°W and N20°W along the western side of Echo Canyon (PI. 
1, Sec. B-B’; Pl. 6, fig. 3). The fault plane is almost vertical or dips 
very steeply to the east, and the throw increases from 120 feet on the 
northern side of Yucca Mesa to 280 feet west of the middle part of Echo 
Canyon. The eastern side of the fault is downthrown. 

The fault north of Station 18 on Yucca Mesa (PI. 1) trends N70°W, is 
downthrown on the northern side, and has a throw of 232 feet. A normal 
fault with the western side downthrown is 1500 feet east of this fault. 
The block between these two faults has moved downward. 

South of Station 21 near the northwestern end of Love Hogback there 
isa normal fault with the northern side downthrown 185 feet. 

Of the smaller normal faults one near the southeastern end of Love 
Hogback is important because it offsets a small thrust fault, indicating 
that the normal faulting took place later than the thrusting. This 
normal fault trends northeast and has the eastern side downthrown. 

The writer believes that Eagle Flat north of Sand Mountain and 
Grayton Lake is a graben. The thick basin fill found in the wells drilled 
in Eagle Flat indicates that a deep basin has been formed either by 
erosion or by faulting. The existence of more than 800 feet of fill in 
the Sierra Blanca town well one mile north of bedrock on Sand Mountain 
is most easily explained by faulting north of Sand Mountain with the 
northern side of the fault downthrown. A terrace about 20 feet above 
the stream bed in Echo Canyon on the eastern side of Yucca Mesa was 
probably formed when the base level was higher in Eagle Flat. Inas- 
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much as this is an enclosed basin with a rising base level the central 
part must have been dropped by faulting to lower the base level. It is 
necessary to postulate a fault on the northern side of the basin also, 
This encounters no difficulty as that area is one of normal faulting, and 
a normal fault with the southern side downthrown along the southem 
side of Sierra Diablo, 3 miles northeast of Grayton (Fig. 2), is parallel 
with Eagle Flat. 

It is difficult to conceive how and where this basin might have been 
drained had it been formed by erosion. 

There is little evidence concerning the origin of Quitman Canyon south- 
west of Devil Ridge. Nothing is known about the thickness of the basin 
fill there. However, if faulted basins are discovered south of this region, 
it will probably be safe to conclude that Quitman Canyon is also the 
result of faulting. 


GEOLOGIC HISTORY 


From the Devil Ridge area alone only the geologic history since Lower 
Cretaceous time can be deciphered. However, from the general Sierra 
Blanca region (Fig. 2) it is possible to gain some information on the 
pre-Mesozoic history. 


PRE-MESOZOIC 


Following the formation of the pre-Cambrian rocks, including the 
pre-Cambrian beds in the Sierra Diablo region, the strata were folded in 
late pre-Cambrian time. This was followed by deposition during inter- 
vals of the Paleozoic era (Baker, 1927, p. 57). The sea retreated dur- 
ing the Pennsylvanian period, and the area was subjected to erosion. 
This was followed by another marine transgression, and the Permian 
strata were deposited unconformably on the older rocks; the Permian 
beds rest with an angular unconformity on the pre-Cambrian beds at 
Sierra Diablo. 

MESOZOIC THROUGH QUATERNARY 


During Triassic and Jurassic times the Sierra Blanca area was above 
sea level and subject to erosion. The sea had begun to advance from 
the south so that by the Kimmeridgian stage of the Upper Jurassic it 
covered the Malone Mountain area west of the Quitman Mountains, 
and the Malone formation was deposited (Albritton, 1938). The sea 
spread slightly during the earliest Cretaceous but it was still apparently 
restricted to the Malone Mountain area during the deposition of the 
basal Trinity Torcer formation (Albritton, 1938). 

With the advent of Yucca time the sea had spread to the north and 
east with the formation of the Sierra Blanca bay in which the Yucca 
strata were deposited. The sea kept advancing to the north, and, by 
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Bluff time the bay had disappeared, and the shore was probably about 
12 to 14 miles north of Devil Ridge (Fig. 2). The transgression of the 
sea continued during the remainder of Trinity time, throughout the 
Fredericksburg and Washita, and into the Upper Cretaceous. No in- 
formation on the later Cretaceous sedimentary history is obtainable in 
the area of Devil Ridge, but, according to Baker (1927, p. 58), the sea 
had completely withdrawn from the entire region by the close of the 
Taylor. 

Deformation followed the deposition of the Cretaceous sediments. 
From the Devil Ridge area the only possible deduction regarding the 
age of folding is that it is post-Eagle Ford and pre-basin fill. In the 
Eagle Mountains southeast of Devil Ridge the folded Cretaceous strata 
are truncated by volcanics, showing that after the folding there was a 
period of erosion followed by volcanic activity. On the basis of evi- 
dence from Mexico, New Mexico, and western Texas Professor C. L. 
Baker (personal communication) believes that the time of deforma- 
tio varies from Laramide through at least middle Miocene, with the 
Tertiary deformation more intense than the Laramide. 

The folding and thrusting were followed by the intrusion of the sills 
and dikes in the eastern part of the Devil Ridge area. Professor Baker 
(personal communication) believes that the volcanic activity in the 
Eagle Mountains, from which center the Devil Ridge intrusions were 
derived, took place during late Tertiary time. 

The normal faulting may have begun during some stage of the folding 
and thrusting and continued through the remainder of the Tertiary and 
perhaps to Recent. That some of the faulting is certainly younger than 
the voleanics is illustrated by a normal fault which cuts the volcanics in 
the Eagle Mountains (Baker, 1934, p. 201). 

The later Tertiary and Quaternary history of the region has been 
one of erosion of the hills and deposition in the basins. The Quitman 
Canyon area has been lowered because it is drained by the Rio Grande, 
but Eagle Flat, an enclosed basin, has been an area of a rising base 
level. This base level has probably been lowered at times by the sinking 
of the basin as the result of faulting. The Rio Grande drainage has 
captured some of the Eagle Flat drainage in the vicinity of Love Hogback 
and is continuing to do so in the entire Devil Ridge area. This process is 
the normal one where a basin of rising base level is adjacent to one of 
4 lowering base level. 


SUMMARY OF CONCLUSIONS 


The Devil Ridge area is one of folded and faulted sedimentary rocks 
cut by small dikes and sills. The sediments range in age from the Yucca 
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formation of the Trinity group of the Lower Cretaceous through the Eagle 
Ford formation of the Upper Cretaceous and the basin fill which is prob- 
ably Tertiary to Recent. 

The older beds represent a marginal facies deposited as the sea was 
advancing over this region from the south. As a result of this transgres- 
sion there was a successive northward overlap of the older formations by 
the younger ones. In the Yucca, Bluff, and Cox formations this over- 
lapping took place within a zone 17 miles north of the Devil Ridge area. 

The Yucca—the oldest formation in the area—was probably deposited 
in a bay whose axis had approximately an east-west trend. This con- 
clusion is suggested by the facies changes from north to south within 
the formation. There are also facies changes within other formations 
of the area; these are more pronounced in a regional picture than in a 
localized study of the Devil Ridge area. 

The structure is dominated by two northwest-trending thrust faults 
which divide the area into three blocks—the foreland block, the Devil 
Ridge thrust block, and the Red Hills thrust block. The strata are also 
broken by small thrusts and normal faults and are distorted by small 
folds. In general the beds dip southwest and appear to form the south- 
west limb of a large northwest-plunging anticline. The zone of weakness 
caused by the rapid pinching out of beds in and just north of the Devil 
Ridge area probably had an effect on the localization of folds and 
thrust faults; north of this area the strata, although faulted, are nearly 
horizontal. 

This paper is the second in a series dealing with this part of Trans- 
Pecos Texas; the first was by Albritton (1938) on the Malone Mountains, 
20 miles west of Devil Ridge. Work is being continued in the region 
by J. D. Boon, Jr., Roy M. Huffington, and C. C. Albritton, Jr. 
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